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O (57) Abstract: A method for cell and electrical therapy of living tissue including administration of exogenous cells into a region 
2 injured tissue and application of electrical energy. In one application the exogenous cells are conditioned in viiro before their 

administration into tissue. In one application the combined cell and electrical therapy is applied in vivo to damaged heart tissue. 
Q In such applications, minimally invasive procedures are used to apply the cell therapy and the electrical therapy is provided via an 

implantable pulse generator. In one application an implantable pacemaker is used in the VDD or ODD mode with an atrioventricular 
^ delay kept relatively short when compared lo the intrinsic atrioventricular delay. 
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METHOD AND APPARATUS FOR CELL AND 
ELECTRICAL THERAPY OF LIVBVG TISSl}E 

Technical Fidd 

This invoition relates generally to combined cell and electrical thCTq3y of 
living tissue and particularly, but not by way of limitation, to method and ^paratus 
for conditioning living tissue using cell and electrical ther^y with a cardiac rhythm 
management system. 



Backgronnd 

The heart is a unique organ which pumps blood not only to the remaining 
portions of the body, but to itself. "Heart attacks" or myocardial infarctions occur 
when there is a loss of proper blood flow to the heart When heart tissue does not get 

15 adequate oxyg^ there is a hi^ probability that heart muscle cells will die. The 
severity of a myocardial infarction is measured by the amount and severity of heart 
damage and loss of fimction. 

Heart disease is a leading cause of death. Despite advances in the treatment of 
myocardial in&iction, pati^ts su£^ deareased quality of life due to flie damage 

20 caused by the heart attack. One such damage is chronic heart &ilure arising fiom ^ 
myocardial in&rction. The cardiac muscle cells, cardiomyocytes, whidi, in some 
circumstances, die during a myocardial infarction eith^ cannot be regenmled 
naturally by the heart or cannot be federated in sufficient quantities to repair the 
damage following in&rctioiL Dq>«ding on the severity of dmiage to the heart 

25 muscle, cardiac output, heart valve function, and blood pressure g^erating capacity 
can be greatly reduced. These results only exemplify some of the long-term 
devastating impacts of heart attacks on patients. 



1 



wo 2004/050180 



PCT/US2003/03M85 



One way to treat damaged heart muscle cells is to provide pharmaceutical 
therapies in an effort to restore heart function. Such therapies may not be particularly 
effective if the damage to the heart is too- severe, and pharmaceutical therapy is not 
believed to regenerate cardiomyocytes, but instead acts to block or promote certain 
5 molecular pathways that are thought to be associated with the progression of heart 
disease to heart feUure. 

Another treatment for damaged heart muscle is called "cell therapy." Cell 
ther^y involves the administration of endogenous, autologous and/or or 
nonautologous cells to a patient For example, myogenic cells can be injected into 
10 damaged cardiac tissue with the intent of replacing damaged heart muscle or 
improving the mechanical properties of the damaged region. However, the 
administration of myogenic cells does not ensure that the cells will engraft or survive, 
much less function and there is a need in the art for enhanced efficacy of cell 
thei^ies. 

15 

Sammarv 

niis document discloses, among other things, a method and apparatus for 
synergistic actions among cell and electrical therapies of Kving tissue, 
to varying embodiments, the present disclosure includes a system for electrical 
20 therapy of cardiac tissue of a heart, at least aportion of the cardiac tissue administaed 
wilh exogenous cells in a cell therapy, the system comprising one or more catheter 
leads with electrodes and a pulse g»erator including an interface for comiection to the 
one or more catheter leads, a controller programmable for a plurality of pulse delivery 
modes, andasense amplifier for sensing electrical signals fiom the one or more 
catheter leads, wherein the pulse generator includes a selectable pacing mode for 
providing therapeutic electrical stimulatiMi to enhance the ceU therapy of the cardiac 
tissue. 

ha various embodimenla. (he therapeutic electrical stimulation mcludes a VDD 

(or DDD)pacii^ mode having an atrioventricular delay which is short compared to an 
30 intrinsic atriovCTfricuIar delay of the heart. 
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Also described are anbodiments where the therapeutic electrical stiraulation is 
provided at times between additional pacing and defibrillation therapies, where the 
ther^utic electrical stinuilation is programmable for certain times of day, such as 
during sleep. 

5 Also described are embodiments where the therapeutic electrical stimulation is 

programmable for certain levels of stress, or for certain levels of activity. 

A variety of embodiments are provided where the ther^y is invoked by a 
programme, where accelarometer data is used to determine when to apply therapeutic 
electrical stimulation and where lead location is used to determine types of therapeutic 
10 electrical stimulation, for some examples. 

Also discussed are methods for enhancing ceD therapy of cardiac tissue 
including applying electrical therapy using an implantable pulse generator to cardiac 
tissue ^hnimst^ed with exogenous cell therapy comprising donor cells, wherein the 
electrical ther^y enhances one or more of ragraftment, survival, proliferation, 
1 S difir^:^ation or function of the donor cells. Difier^t methods including in vivo and 
in vitro treatments are discussed. Various pacing th^^^ies are also discussed, hot one 
embodimCTt, the methods include administmng an agent that ^ihances exogax>us cell 
engraftment, survival, proliferatioxi, dififerentiation, or function. Enhancement of 
cardiac function and angiogoiesis are also discussed 
20 The description also provides various catheters for cell therapy, inchiding 

needle means for injection of fluids for cell tbexspy. 

This Summary is an overview of some of tiie teachings of the present 
application and not intended to be an exclusive or exhaustive treatm^t of the i»esent 
subject matter. Further details about the presoit subject matto: are found in the 
25 detailed description and qjpended claims. Other aspects ofthe invention will be 
apparent to persons skilled in the art upon reading and understanding &e following 
d^Ied description and viewing the drawings that form a part fha:^^ each of which 
are not to be taken in a limiting seose. The scope ofthe present invention is defined 
by tiie appended claims and their equivalents. 

30 
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Brief Description Of The Draty ii^git 

In tfie drawings, like numerals describe similar c<jirq)oneots throughout the 
sevraal views. Like numerals having different l^er suffixes i^present dififoent 
instances of tiie components. 

FIG. 1 A is a flow diagram showing an overaO ther^y using cell ther^y and 
electrical ther^y according to one embodiment of the presoit invention. 

FIG. IB is a flow diapam showing an overall therapy using cell flier^y and 
electrical tharapy according to one embodiment of the present invention. 

FIG. IC is a flow diagram showing a particular therapy for treating cardiac 
tissue using combined ceU and electrical therapies according to one embodiment of the 
present invention. 

FIG. ID is a flow diagram showing a particular ther^y for treating cardiac 
tissue using combined cefl and electrical therapies according to another embodiment 
of the i»esent invention. 

FIG. 2A is a drawing of a side view of a catheter tip for providing cell therapy 
according to one embodim^ of flie present invention. 

FIG. 2B is a drawing of a top view of a catheter tip for providing cell therapy 
accorfmg to one embodimait of flie presQit inv«ition. 

FIG. 2C is a side view of one embodiment of a catheter tip witii adjustable 
20 curvature accoiding to one embodiment of the present invention. 

FIG. 2D is a drawing of a side view of a catheta- tip with separate channels for 
vacuum and needle forprovidiiig ceO therapy according to one embodiment of the 
present inventiQn. 

FIG. 2E is a drawii^ of a side view of a caftcter tip wifli drag resCTvoir and 

25 declrodesfepiovidingcdlthaapyaccoidingto one embodiment of the present 
invention. 

FIG. 2F is a drawing of a catheter tip having a needle array for providing cell 
fta^y according to one embodiment of the present inv«tiMi. 
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FIG. 2G is a drawing of the catheter tip of FIG. 2F with the needle array 
retracted and tissue after cell ther^y according to one application of the present 
invention. 

FIG. 2H is a drawing of a catheter tip with expandable balloon for cell therapy 
5 according to one embodiment of the present invention. 

FIG. 3 is a block diagram of a pacemaker according to one embodiment of the 
present invention. 

FIG. 4 shows one example of application of cell and electrical therapy to a 
region of cardiac tissue subject to myocardial infarction according to one embodiment 
1 0 of the present invention. 

FIG. 5 A is a diagram showing a progranuner for use with an implanted cardiac 
rhythm management device according to one embodiment of the presait invention. 

FIG. 5B is a diagram showing a wireless device in coniimmiications with an 
irr^lanted device for manag^ent of the implanted device and &eacapy according to 
1 S one embodiment of the present invention. 

FIG. 5C is a diagram showing a wireless device in communications with an 
implanted device and connected to a n^ork for communications with a r^ote 
facility for management of the implanted device and flter^y according to one 
embodiment of the present invention. 
20 FIG. 6A is ablock diagram showing an in vitro cell treatment device according 

to one embodiment of the present invention. 

FIG. 6B is a block diagram showing additioiial details of portions of the in 
vitro cell treatment device according to one embodimrat of the present inventioit 

25 DetaaedPescriptioii 

in the following detailed descr^tion, refer^ice is made to the accompanying 
drawing which form a part ha:eo£ and in which is shown by way of iUostration 
specific CTbodiments in which the invention may be practiced. These embodiments 
are described in suffident detail to enable those ^Ued in the art to practice the 

30 invention, and it is to be understood that the ^bodiments may be combined, or that 
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oflier embodiments may be utilized and that structuial. logical and electrical changes 
may be made without departing from the spirit and scope of the present invention. Tbe 
following detailed description provides examples, and the scope of the piesent 
inveition is defined by the qjpoided claims and flieir equivalaits. 

It should be noted that references to "an", "one", or 'Various" embodiments in 
fliis disclosure are not necessarily to the same embodiment, and such references 
c(Hitenq)late more than one embodiment 

By "muscle ceU" or "muscle tissue" is meant a cell or groiq) of cells derived 
from musde, including, but not limited to, cells and tissue derived from skeletal 
musde and cardiac muscle, and in some embodiments includes smoodi muscle ceUs. 
The term includes muscle cells both in vitro and in vivo. Thus, for example, an 
isolated caidiomyocyte would constitute a "muscle ceB" for purposes of the present 
invention, as would amuscle cell as it exists in muscle tissue present in a subject in 
vrw. The teim also encompasses both differentiated and nondi£fer«itiated muscle 
cells, such as myocytes, myotubes, myoblasts, both dividing and differentiated, 
cardiomyocytes and cardiomyoblasts. 

By "cardiac ceB" is meant a differentiated cardiac ceU (e.g., a cardiomyocyte) 
or a ceU committed to differentiating to a cardiac ceU (e.g.. a cardiomyoblast or a 
caidiomyogenic ceU). 

A "myocyte" is a muscle ceJl that contains myosm. 

A "cardiomyocyte" is any ceU in the cardiac myocyte lineage that shows at 
leastonephenotypiccharacteristicofacardiacmusclecelL Suchphenotypic 
characteristics can inchide expression of cardiac proteins, sudi as cardiac sarcomeric 
ormyofilhrillarproteins or atrial natriuretic factor (ANP). or electrophysiological 
characteristics. Cardiac sarcomeric or myofibrillar protems include, for exanq>le, 
atrial myosin heavy chain, cardiac-spedfic ventricular myosin heavy chain, desmin, 
N-cadherin, sarcomeric actin. cardiac troponin I. myosm heavy chain, and Na« 
ATPase. Electrophysiological characteristics of a caidiomyocyte inchide. for 
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example, Na^ or channel currents. Similarly, by "skeletal muscle cell" is meant 
any cell in the skeletal muscle cell lineage that shows at least one phenotypic 
characteristic of a skeletal muscle cell. Such phenotypic characteristics can include 
expression of skeletal muscle proteins, such as skeletal muscle-specific transcription 
5 factor MyoD or skeletal muscle-specific myosin, or electrophysiological 

characteristics and moiphologic characteristics such as fusion into a multinucleated 
striated fib^. 

By "myocardium^ is meant the muscular portion of the heart The 
myocardium includes three major types of muscle fibers: atrial muscle fibers, 
1 0 ventricular muscle fibers, and specialized excitatory and conductive muscle fibers. 

A "vector" or "construct" (sometimes referred to as gene delivery or gene 
transfer "vehicle") refers to a maciomolecule or complex of molecules comprising a 
polynucleotide to be delivered to a host cell, either in vitro or in vivo. The 
polynucleotide to be delivo^ may comprise a coding sequence of interest for gene 
15 flierapy. Vectors include, for example, viral vectors (such as adenoviruses, ad^o- 
associated viruses (AAV), lentiviruses, herpesvirus and retroviruses), liposomes and 
otiier lipid-containing complexes, and other macromolecular conq>lexes capable of 
mediating deliv^ of a polynucleotide to a host cell. Vectors can also coniprise other 
con4)Qnents or functionalities tiiat fiiither modulate gene delivery and/or gene 

20 expression, or that otherwise provide beneficial properties to the targeted cells. Such 
other components include, for example, conqwnents that influence binding or 
taig^g to cells (including components that mediate cell-type or tissue-specific 
binding); conqx>nents that tnflu^ce uptake of the vector nucleic add by the ceU; 
components that influence localization of the polynucleotide wifliia the cell after 

25 uptake (such as ag&ots mediating nuclear k>calization); and components fliat influence 
expression of tiie polynucleotide. Such componrats also migjbct include markers, such 
as detectable and/or selectable maric^ tiiat can be used to detect or select for cells that 
have taken \sp and are expressmg the nucleic add deliv^^ed by the vector. Such 
components can be provided as a natural feature of the vector (such as the use of 

30 obtain viral vectors which have components or fimctionalities mediating binding and 
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uptake), or vectors can be modified to provide such functionalities. A large variety of 
suchvectoisareknownintheartandaregeneraUyavailable. Whenavectoris 
maintained in a host cell, the vector can either be stably replicated by the cells during 
mltods as an autonomous structure, incorporated within the genome of the host cell, or 
maintained in the host ceU's nucleus or cytoplasm. 

A "recombmant viral vector" refers to a viral vector comprising one or more 
heterologous genes or sequences. Since many viiai vectors exhibit size constraints 
associated with packaging, the heterologous genes or sequences are typically 
mtroduced by replacing one or more portions of the viral genome. Such viruses may 
become repKcation^efective, requiring the deleted function(s) to be provided in trans 
duriiig viral replication and encapsidation (by using, e.g.. a helper virus or a packaging 
cell line carrying genes necessary for replication and/or encapsidation). Modified viral 
vectors in which a polynucleotide to be deUvered is carried on the outside of the viral 
particle have also been described (see, e.g.. Curiel et al., ProcNatl. Ar^rf s..- ttqa 
15 88:8850(1991)). 

"Gene dehvery," "gene transfer," and the like as used herein, are terms 
referring to the introduction of an exogenous polynucleotide (sometimes referred to as 

a "transgene") into a host cell, irrespective of the method used for the introduction 
Such methods include a variety of weU-known techniques such as vector-mediated 
gene transfer (by, e.g.. viral infection/tnaisfectioii. or various other protein-based or 
Kpid-based gene delivery complexes) as well as techniques fidlitating the delivery of 
-naked" polynucleotides (such as electioporation, "gene gun" delivery and various 
other techniques used fer the introduction of polynucleotides). The intioda^ 
polynudeotidomay be stably or tiansleBtty maintained in the host ceD. Stable 
mamtenance typicafly requires that tiie mtioduced polynucleotide dtiier contains an 
origm of wplication compatible with flie host ceU or int.^ into a leplicon of the 
host ceU such as an extrachromosomal lepBcon (e.g.. a plasmid) or a nuclear or 
mitochondrial chromosome. A mmAer of vectors are known to be capable of 
mediating transfer of genes to mammalian cells, as is known in the ait 
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By "transgene" is meant any piece of a nucleic acid molecule (for example, 
DNA) which is inserted by artifice into a cell either transiently or permanently, and 
becomes part of the organism if integrated into the genome or maintained 
extrachromosomally. Such a transgene may include a gene which is partly or entirely 
5 heterologous (i.e., foreign) to the transgenic organism, or may represent a gene 
homologous to an endogenous gene of the organism. 

By "transgenic cell" is meant a cell containing a transgene. For example, a 
stem ceD transformed with a vector containing an expression cassette can be used to 
produce a population of cells having altered phenotypic characteristics, 
10 The term "wild-type" refers to a gene or gene product that has the 

characteristics of that gene or gene product when isolated from a naturally occurring 
source. A wild-type gene is that which is most frequently observed in a population and 
is thus arbitrarily designated the "normal" or "wild-type" form of the gene. In contrast, 
the term "modified" or "mutant" refers to a gene or gene product that displays 
15 modifications in sequence and or fimctional properties (i.e,, alt^ed charact^stics) 
when compared to ttie wild-type gene or gene product It is noted that naturally- 
occurring mutants can be isolated; these are id^tified by the fact that fliey have 
altered characteristics when compared to the wild-type goie or g«ie product 

The temi "transduction" denotes the delivery of a polynacleotide to a recipient 
20 cell either in vivo or in vitro, via a viral vector and preferably via a replication- 
defective viral vector, such as via a recombinant AAV. 

The tenn "heterologous" as it relates to nucleic acid sequences such as gene 
sequences and control sequences, denotes sequences that are not normally joined 
together, and/or are not normally associated with a particular cell. Thus, a 
25 "heterologous" region of a nucleic add construct or a vector is a segm^ of nucleic 
acid within or attached to another nucleic acid molecule that is not found in 
association with the other molecule in nature. For example, a heterologous region of a 
nucleic acid construct could include a coding sequence flanked by sequences not 
found in association with flie coding sequence in nature, i.e., a heterologous promote. 
30 Another example of a heterologous coding sequence is a construct wha« the coding 
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sequence itself is not found in nature (e.g., synthetic sequences having codons 
diflferent from the native gene). Similarly, a cell transfonned with a construct which is 
not normaUy present in the ceU would be considered heterDlogous for purposes of this 
invention. 

5 By "DNA" is meant a polymeric form of deoxyribonucleotides (adenine, 

guanine, thymine, or cytosine) in double-stranded or single-stranded form found, inter 
ana, in linear DNA molecules (e.g, restriction fragments), viruses, plasmids, and 
chromosomes. In discussing the structure of particular DNA molecules, sequences 
may be described herein according to the normal convention of giving only the 
10 sequence in the 5' to 3' direction along the nontranscribed strand of DNA (i.e., the 
stnmd having the sequence complementary to the mRNA). The term captures 
molecules that include the four bases adenine, guanine, thymine, or cytosine. as weU 
as molecules that include base analogues which are known in the art 

As used hoem, (he terms "con^jlemeitary" or "complementari^ are used in 
15 le&x&ace to polynucleotides (i.e., a sequence of nucleotides) related by the base- 
pairing rules. Forexample, the sequence "A-G-T," is complemeitary to the sequence 
T-C-A." Comptenenlarity may be "partial," in which only some of the nucleic acids' 
bases are matched according to the base pairing rales. Or, there may be "complete" or 
"total" complementarity between the nucleic acids. The degree of complementarity 
20 between nucleic acid strands has significant effects on Ae efficiency and strength of 
hybridization between nucleic add strands. This is of particular inqjortance in 
amplificatian reactions, as weD as detection methods that depend binding 
betweoi nucleic adds. 

DNA molecules are said to have "5* ends" and "3* ends" because 
25 mononucleotides are reacted to make oligonucleotides or polynucleotides in a manner 
such fiiat the 5* phosphate of one mononucleotide pentose ring is attached to the 3' 
oxygen of its neighbor in one diiecticm via a phosphodiester linkage. Therefore, an end 
of an oligonucleotide or polynucleotide is referred to as the "5" end" if its 5' phosphate 
is not linked to the 3' oxygen of a mononncleotide pentose ring and as the "3" end" if 
its 3' oxygen is not linked to a 5* phosphate of a subsequent monomideotide pentose 
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ring. As xised herein, a nucleic acid sequence, even if internal to a larger 
oligonucleotide or polynucleotide, also may be said to have 5' and 3' ends. In either a 
linear or circular DNA molecule, discrete elements are referred to as being "upstream" 
or 5* of the "downstream" or 3' elements. This terminology reflects the fact that 
5 transcription proceeds in a 5* to 3* fashion alcmg the DNA strand. The promoter and 
enhancer clients that direct transcription of a linked gene are generally located 5' or 
iq)stream of the coding region. However, enhancer elements can exert their effect even 
when located 3* of the promoter element and the coding region. Transcription 
teraiination and polyadenylation signals are located 3' or downstream of the coding 
10 region. 

A "gene," "polynucleotide," "coding region," or "sequence" which "encodes" a 
particular protein, is a nucleic acid molecule which is transcribed and optionally also 
translated into a gene product, i.e., a polypq)tide, in ^ntro or m vrvo whai placed under 
the control of appropriate regulatory sequences. The coding region may be present in 

1 5 eilha- a cDN A, gaiomic DNA, or RNA foiUL When pres^ in a DNA form, the 
micleic acid molecule may be single-stranded (Le., the sense strand) or double- 
stranded. The boundaries of a coding region are determined by a start codon at the 5' 
. (amino) terminus and a translation stop codon at the 3' (carboxy)tenninus. A ^ 
incbide, but is not limited to, cDNA j&om prokaryotic or eukaiyotic mRNA, genomic 

20 DNA sequences from prokaryotic or eukaxyotic DNA, and syn&etic DNA sequences. 
A transcription temiination sequeiK^e will usually be located 3 ' to the gene sequence. 

The term "control el^ents" lefm collectively to promoter regions, 
polyadenylation signals, transduction tmnination sequoices, upstremi regulatory 
dcnnains, origins of rq)lication, internal ribosome entry sites ("IRES"), enhancers, 

25 ^lice junctions, and the like, which collectively provide for tiie rq)lication, 

transcription^ po^-transcriptional processing and translation of a coding sequence in a 
recipient cell. Not all of these control elemrats need alwaj^ be presmt so long as the 
selected coding sequence is capable of being replicated, transcribed and translated in 
an ^propriate host cell. 
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regions, followed by digestion with single strand-specific nuclease(s), and size 
detennination of the digested fragments. Two DNA, or two polypeptide, sequences are 
"substantially homologous" to each other when at least about 80%, preferably at least 
about 90%, and most preferably at least about 95% of the nucleotides, or amino acids, 
5 respectively match over a defined length of the molecules, as detennined using the 
methods above. 

By "mammal" is meant any member of the class Mammalia including, without 
limitation, humans and nonhuman primates such as chimpanzees and oth^ apes and 
monkey species; firm animals such as cattle, sheq>, pigs, goats and horses; domestic 
10 mammals such as dogs and cats; laboratory animals including rodents such as mice, 
rats, rabbits and guinea pigs, and the like. 

By "daived from" is meant that a nucleic acid molecule was either made or 
designed from a parent nucleic acid molecule, the derivative retaining substantially the 
same fimctional features of the parent nucleic acid molecule, e.g., encoding a gene 
1 5 product with substantially the same activity as the gene product encoded by the parent 
nucleic acid molecule fix)m which it was made or designed. 

By "expressi(m construct" or "expression cassette" is meant a nucleic acid 
molecule that is enable of directing transcriptioiL An ^ression construct includes, at 
the least, a promote. Additional elements, such as an sihancer, and/or a transcrq)tion 
20 termination signal, may also be included. 

The torn "exogenous," when used in relation to a protein, gaie, nucleic acid, 
or polynucleotide in a cell or organism refers to a protein, gene, nucleic add, or 
polynucleotide which has been introduced into the cell or organism by artificial or 
natural means, or in relation a cell ref«s to a cell which was isolated and subsequaitly 
25 introduced to otha: cells or to an organism by artificial or natural means. An 

exogenous nucleic acid may be from a difBsent organic or cell, or it may be one or 
more additional copies of a nucleic acid which occurs naturally within the organian or 
cell. An exogawus cell may be from a diffeent organism, or it may be from the same 
organism. By way of a non-limiting example, an exogenous nucleic acid is in a 
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chromosomal location different from that of natural cells, or is otherwise flanked by a 
diffomt nucleic acid sequence than that found in nature. 

The term "isolated" when used in relation to a nucleic acid, peptide or 
polypq)tide refers to a nucleic acid sequence, peptide or polypeptide that is identified 
and separated from at least one contaminant nucleic acid, polypeptide or odier 
biological component with which it is ordinarily associated in its natural source. 
Isolated nucleic acid, peptide or polypeptide is present in a form or setting that is 
differait from that in which it is found in nature. For example, a given DNA sequence 
(e.g.. a gene) is found on the host cell chromosome in proximity to neighboring genes; 
RNA sequences, such as a specific mRNA sequence encoding a ^ecific protein, are 
feond in the cell as a mixture with numerous other mRNAs that encode a multitude of 
proteins. Ihe isolated nucleic acid molecule may be present in single-stranded or 
double-stranded form. When an isolated nucleic acid molecule is to be utilized to 
express a protein, the molecule wiU contain at a minimum the sense or coding strand 
(i.e., the molecule may single-stranded), but may contain both the sense and anti-sense 
strands O-e., the molecule may be double-stranded). 

The term "reccHnbinant DNA molecule" as used h»ein refras to a DNA 
molecule that is comprised of segments of DNA joined together by means of 
molecular biological techniques. 

The tenn "recombinant protein" or "recombinant polypeptide" as used herein 
refias to aprotein molecule that is expressed fiom a recombinant DNA molecule. 

The tetm "peptide", '^lypeptide'' and protern" are used inteichangeably 
hemn unless otterwise distinguished. 

By -growth factor" is meant an agent that, at least, promotes cell growth or 



30 



The term "angiogenic growth fectrar" means an agent that alone or in 
combination with other agents induces angiogenesis, and includes, but is not limited 
to, fibroblast growth &ctor (FGF). vascular endothelial growth factor (VEGF), 
hfipatocyte growth fector, angfogenin, bansfonning growth fector (TCF), tissue 
necrosis fiwtor (TNF, e.g.. TNP-a), platelet derived growth fector (PDGF), 
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granulocyte colony stimulatory factor (GCSF), placental GF, IL-8, proliferin, 
angiopoietin, e.g., angiopoietin-l and angiopoietin-2, thrombospondin, ephrin-Al, E- 
selectm» leptin and hq)arin a£5nity regulatory peptide. 

5 General Overview 

This document describes, among other things, method and apparatus for cell 
therapy and electrical conditioning of living tissue. In one embodiment, cell ther^y is 
appUed to tissue in vivo by locating damaged tissue and administering, e,&, inserting 
or applying, appropriate cellular material ("donor cells*^ into and/or to the damaged 
10 tissue, hi one embodiment, the area including the damaged tissue and donor cells are 
then subjected to electric conditioning, such as pacing-level electrical stimulation, 
using a pulse generator with properly positioned electrodes. Several embodiments are 
presented below to provide examples of different ther^y apparatus and method. It is 
understood that oth^ ^paiatus and method are possible as provided by the attached 
IS claims and their equivalents. 

The invention includes subjecting cells in vitro to one or more stimuli ('V/> 
vitro conditioning") which preferably yields cells wiA a desirable phenotype for cell- 
. based therapies C*donor cells'* hCTemafler). For exsxnple, cells subjected to in vitro 
conditioning may be aiq>loyed in cell-based therapies to augment and/or replace 
20 cardiac muscle, fox instance, to treat myocardial in&rction as well as to treat genetic, 
degoierative, and acquired, e.g., heart feilure, cardiac disorders. In one 
embodim^t, donor cells conq>atible with a recipient and subjected to in vitro 
conditioning, when employed in cell-based therapies to augment mi/or replace 
cardiac muscle in a recqiimt, result m enhanced cellular ^grafiment^ survival, 
25 proliferation, differentiatioii» cardiac fimction, and/or angiogenesis ^ 
vitro conditioning and/or in vivo pacing. 

FIG. 1 A shows a flow chart for providing combined cell and electrical ther^y 
according to one embodimoit of the present invention. A region of the tissue to be 
treated is idoitified at 100. CeUthenqpyisadnubiisteredto the identified region at 110. 
30 Electrical ther^y is applied to the identified region at 120. In one ^roach» the cells 
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("donor" cells) are administered concurrently with electrical therapy, while in other 
approaches electricalther^yissubsequenttoceU administration. In another a^iroach 
electrical therapyisappHedpriortocell administration. Moreover, it is understood 
that multiple ceU therapies may be implemented prior to application of the electrical 
therapy to the identified tissue region. Also for example, the cell thaapymaybe 
followed by multiple electrical therapies. It is miderstood that different permutations 
of ceU and:electrical therapy may be peiformed in varying embodiments. For 
instance, electrical conditioning may be applied before, during, or after cell therapy. 
In one approach ceUular engraftment. ceUular proliferation, ceUular differentiation, 
celhdar survival and/or cellular function, e.g., contractile fimction, of the donor cells 
in the recipient is further eiflMnced by electrical stimulus fiom the electrical therapy. 

HG. IB shows a flow chart for providing combined cell and electrical therapy 
accordingtoanolherembodimentofthepresentinvention. This embodiment mcludes 
an additional step of preparing the donor cells before administering the ceU tha^y. 
Ihe donor ceHs are conditioned in vitro to introduce one or more desirable gene 
products(tiansgenes)totheceUsat 105. Preferably, the transgenic donor cells inchide 
a transgene fliat enhances ceUular proKferation. ceUular engraftment, ceUular survival, 
ceUulardiffeemiationand/orcelhilarftoctionofthedonorc^^ Tie 
expression of one or more transgenesmay be employed to decrease, replace or 
supplement (increase) the expression of endogenous genes in the donor cells. e.g., if 
the donor cefls are autologous ceUs and the donor has an inherited or acquired di^ase 
associated wifli abenant expression of an endogenous gene in cardiac cdls. The 
expression of one or more trans^es may correct the level of the gene product 
encodedbytbetransgeneinthedonorcells. In one embodiment the expression of the 
tnmsgene is controlled by a legulatable or tissu^^pedfic. eg., canHac myocyte- 
spedficpromoter. ThetransgenemaybeintrodncedtodcmorceUsbyanymeans 
including but not limited to liposomes, dectioporation. naked DNA, or viral^ediated 
transduction, for instance, via adenovinis, adeno-associated vinis, retrovims or 
lentivirus vectors. 
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In one embodiment an advanced patient management device is used to control 
the ^plied electrical therapy in conjunction with inputs regarding applied cell therapy, 
inputs regarding patient health, and inputs regarding environmental conditions. Other 
inputs are contemplated, and those provided herein are intended to demonstrate the 
flexibiHty and programmability afforded the user when the cell and electrical therapies 
are managed with an advanced patient management system. Such a system is 
discussed in various applications by the assignee, including, but not limited to, in U.S. 
Patent Application Ser. No. 10/093,353, filed March 6, 2002, which is hereby 
incorporated by lefexence in its entirety. 



20 



25 



30 



Example of C ell Therapy nf Cardiac Ti«mft 

The present teachings are use&l in a number of therapies. In one example, the 
treatment of a £ulmg heart is possible. Such then^ies may be employed for both 
ischemic and mm-isdiemic heart fiuhne etiologies. 
15 no. IC is a flow diagram showmg aparticular flierapy for treating cardiac 

tissue using combined ceU and electrical therapies according to one onbodiment of the 
present mvention. Hie cardiac tissue r^on (or regions) of damaged tissue are 
identified at 130 and tiien cell ther^y is ^Ked to one or more areas of damaged 
tissue at 140. Pacing ttet^y is apphed to die identified cardiac tissue region at 150. 

Tissue damage resulting fiom amyocaidial inferction or heart attack is one type of 
tissue treatable by these qjparahis and mefliods. 

Etfffaent methods oflocating die damaged tissue may be employed. For 
eKanaph. electrophysiology, such as electrocardiograms, can be used to locate 
damaged cardiac tissue. Other locating methods inctade, but are not limited to: 
echocardiographyandcathetcr-basedvoltagemappiiigofaportionofflieheart 
caflieter based strain mapping; invasive or minimally invasive surgay (visualization 
of damaged tissue); and otiia- imaging techniques, such as MRI. peifiision imaging, 
fluoroscopy, and angiography. 

Once tiie damaged tissue is located, tiie localized area may be treated by 
inserting or ^plying donor cells, e.g., cells administered intravenously, transvenously. 
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intramyocardially or by any other convenient route, and delivered by a needle, 
catheter, e.g., a catheter which includes an injection needle or infusion port, or other 
suitable device. Some exenq)lary delivery apparatus and methods include, but are not 
limited to, the teachings provided in the patent applications entitled: Drug Delivery 
5 Cattieter with Retractable Needle, U.S. Ser. No. 09/746,498 filed December 21, 2000; 
and hitra-Ventricalar Substance Delivery Catheter System, U.S. Ser. No. 10/038,788, 
filed DecOTiber 31, 2001. Both of these disclosures are incorporated by reference in 
their entirety. 

FIG. ID is a flow dis^ram showing a particular therapy for treating cardiac 

1 0 tissue using combined cell and electrical therapies according to another embodiment 
of the present invention. This embodiment includes an additional step of preparing the 
donor cells before applying the cell ther^y. The donor cells are prepared by 
electrical, mechanical, and/or biological conditioning in vitro at 135. 

In one embodunent, a catheter having a cafheto: tip adapted for injection of 

15 exog«ious cellular material is used for cell thers^y. FIG 2A shows a side view of a 
catheter tip 200 positioned near the myocardium 202 having damaged cardiac muscle 
tissue. The catiieter 200 is positioned intn;>ericardially intravenously, 
transv^iously,transartmany,]ntramyocardiaUy, or by another method A suction port 
208 is ^own fiom a top view in FIG. 2B at the distal CTd of the catiieter. Thecatheter 

20 tip 200 is affixed near the region to be treated by a vacuum applied at tiie proximal end 
of the catheter to oreate a vacuum at tiie suction port 208 via channel 206 and ther^y 
hold file catiieter tip 200 against flie myocardium 202. A hollow needle 204 is tfien 
advanced into Uie tissue at ttxe catheter tip to inject exogenous cellular material to the 
location for cell tiier^y. After mjection is con:q)lete, tiie hollow needle 204 is 

25 retracted into catheter tip 200 and tiie vacuum is removed so tiiat tiie cath^er tip 200 
can be repo^titioned for thenpy at a different location. 

hi one embodiment, the needle is dq>loyed through a channel and using an 
actuator at tiie proximal Old of tiie catiieter. In flie example i?«diere a COTimon channel 
is used betwera the vacuum and the needle, the vacuum channel is sealed where the 

30 needle exits the catiieter at tiie proximal end to maintain any vacuum ^plied to flie 
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Channel. The hollow needle in this embodiment uses a conduit from the proximal end 
to the distal aid of the catheter, hi one embodiment, injection of fluid is accomplished 
using a luer fittmg and needle at the proximal end Manipulation of the needle is 
accomplished using the actuator at the jaoximal end of the catheter, 

5 The e{xanq)IedemQnstEated in PIG. 2A employs channel 206 for both the 

plication of vacuum and a means for guiding hoflow needle 204 and storing it when 
it is retracted- Other embodiments are provided herein where the suction port and 
needle use separate channels. For example, FIG. 2D shows a catheter tip 2 1 6 having 
suction port 218 with channel 220 and a hollow needle 222 with channel 224. In this 
10 example embodiment, channel 220 and duumel 224 are separate channels. Other 
configm^ons are possible without departing from the scope of the present teachings. 

Ill the embodiment with separate channels, a sq>aiate fitting for the vacuum 
and for the needle are used to apply the vacuum and inject fluid, respectively, hi one 
embodiment a standard luer fitting is used and the needle is used to inject the fluid. 

FIG. 2C diows one exanq)le of an anbodiment where die caflieter tip 210 is 
able to achieve an angle of curvature to provide a suriace that confoims to a portion of 
a curved myocardium. In one eanbodimenl, the angle of curvature is q)proximately 30 
tfegrees. hi varying embodiments the tq> may be adjusted to perform differing degrees 
ofdeflectiontoadiustablypositionthesuctionportnearthelocatloDtobetR^ Jn 
one embodiment, the adjustment is performed usmg a stylet inserted into apr»-bent 
catheter tip portion. FIG. 2C demonstrates this by inchiding a stylet channel 212 
which accommodates a slylet in varying positions to show that as the stylet is 
removed, the angle of the tip changes and is thus adjustable. Other adjustment 
techniquesmay be employed without dqnrting from the scope of flie present 
25 teachings. 

FIG. 2E shows one embodiment of a catheter havmg a catheto- tqi 226 at the 
distal end. The catheter tip 226 includes one or more contact electrodes 228 connected 
to the proximal end and a drag reservoir 230 with elution means to perfonn 
iontophoresis. Various locations of possible electrode positions are demonstrated in 
HG. 2E. The catheter includes a vacuum channel 229 that temiinates in an suction 
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port227atthecatbetert5,226. TUc catheter tip 226 is aflSxed near the region to 
which drug is delivered by a vacuum applied at the proximal end of the catheter to 
acateavacuumatthesuctionport227viachannel229. one embodiment, a 
chemical reservoir is included at the catheter tip 226 for iontophoretic transfer into the 

5 adjacent tissue. In one embodhnent. a porous electrode is used to transfer fluid fiom 
&ecadi^ttp. 

M varying embodiments, the catheter is dimensioned for different sizes to 
fecilitatetransveaous positioning ofthe cathode tip. one embodiment, the catheter 
is available in diameters varying from 1 0 French to 24 French. Other sizes are 
10 possible without departing fiom the present teachings. 

Another embodiment of a catheter tip for injection of exogenous cells is shown 
in FIG. 2F. In this example, the catheter tip 232 includes a needle array 236 which 
piovidesapluialityofneedlepointsforinjectioninto tissue 234. He needle array 
providesmultiple pathways fordehvery of material and lower delivery resistance. 

15 The cafteter tip 232 also inctades fiber optic 238 for visuaUzing the region and 
locating the catheter tip 232 for treating tissue 234. 

Ill one embodiment, the needle array 236 is retractable for ease of transvenous 
and transarterial delivery. In one anbodiment, the needle array 236 includes needle 
points that are approximately 0.5 cm in length. In varying embodimenls, the needle 
0 »««yinch«iesneedlesofvaiyinglengthstDpmvideacontouroftippoints. Ihvary^^ 
embodiment8llieneedleanaypiDvides2-3mmofpenetrationinto tissue. Other 
embodiments are possible without departing fiom the scope of the present teacto^ 
In one plication demonstrated by HG. 2G, a pluraUty of columns 244 of 

material aicinjectedintotissue242bycathetertip 240. (rhecathet»tip240is 
•> «»«>wninar€tractedmodeinnG.2G.)lTKcolumns246maycoiBainceUul^ 
material and/or drugs and serve as passive molecule fictories in tissue 242. 

It is understood that the number and placemait of tmes may vary. Diameters 
and distances provided herein are intended to provide nonexchisive exanq,les and are 
not intended in an exchsive <x limiting sense. 
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Another embodiment of a catheter-based delivery system includes the use of a 
balloon and delivery catheter. FIG. 2H shows one example of a catheter tip 250 which 
is hisertable transvenously and transarterially for the dehvery of cellular mat^als to a 
vessel or organ. Catheter tip 250 includes balloon 252 for occluding the Imn^ 248 
5 and providing a temporary blockage for the material 254 to remain in space 256 for a 
period of time. *Space 256 is treated with the cellular material* and then balloon 252 is 
deflated for withdrawal of the catheter tip 250. 

It is understood that various combinations of the examples provided above are 
possible. For example, a fiber optic may be used to place the catheter tip and may be 
1 0 combined with the cathetar tips having common arid independent channels for the 
vacuum and flie needle and or needle array. Other combinations are possible without 
departing from the scope of the present teachings. 

Combined cell and electrical therapy may also be accompanied by ttie 
administration of drugs. 
1 5 Variations in design and plac^ent of elements may be hioplem^ted without 

dq>arting fiom the teachmgs provided herein, and the examples given are not intended 
in a limited or exclusive sense. 

Sources of Cells for /n Vitro Conditioning and Subsequent Cell Therapv 
20 Sources for donor cells in ccU-based thers^ies include skeletal muscle derived 

cells, for instance, skeletal muscle cells and skeletal myoblasts; cardiac derived cells, 
myocytes, e.g., v^tricular myocytes, atrial myocytes, SA nodal myocytes, AV nodal 
myocytes, and Puikinje cells; bone marrow-derived cells, e.g., mesendiymal cells and 
stromal cells; smooth muscle cells; film)blasts; or pluripotent cells or totipotent cells, 
25 e.g., teratoma cells, hematopoietic stem cells, for instance, cells fiom cord blood and 
isolated CD34'^ cells, multipotent adult progenitor cells, adult stem cells and 
embyionic stem cells. In one embodiment, the donor cells are autologous cells 
including xenologous cells. Jn another embodiment, the donor cells include non- 
autologous cells. The donor cells can be expanded in vitro to provide an expanded 
30 population of donor celts for administration to a recipient hi addition, donor cells 
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may be treated in vitro to induce certain phenotypic characteristics. e.g, to induce 
pioliferation or differentiation, to introduce one or more tnnsgenes, or a combination 
thereof Sources of donor cells and methods of culturing those cells are known to the 
ait See, for example, U.S. Patent No. 5,130,141 and Jain et al fCiiculation, 103, 
1920 (2001)). wherein the isolation and expansion of myoblasts from skeletal leg' 
muscle is discussed (see also Suzuki et al.. Circulation, 104, 1-207 (2001), Douz et al., 
Ckcutetion, ffl-210 (2000) and Zimmennan et al.. Circulation 1?^ 90, 223 (2002)). ' 
miished U.S. application 200201 10910 discusses the isolation of and media for long 
tern survival of caidiomyocytes. U.S. Patent No. 5.580,779 discusses isolating 
myocardial cells from human atria and ventricles and inducing the proliferation of 
those myocardial cells. U.S. PatentNo. 5,103.821 discusses isolating and cuhuring 

SA node celIs.ForSA node cells, the cells may be co-cultured with stem cells or other 
undiffaentiated cells. U.S. Patent No. 5.543,318 discusses isolating and culturing 
hmnan atrial myocytes. US. Patent Nos. 6.090,622 and 6,245,566 discusses 
preparation of embryonic stem cells, while U.S. PatentNo. 5.486^59 discusses 
prq>aration of mesendiymal cells. 



Exemplary Vf«tV^? Dsolatinp r TV^nnr r.n^ 

A. Donor MvoMasts atiH }Jfy^ytr.o 
i- Cardiac TiasuB 

Cardiomyocytes maybe prepared by a modification of established methods. In 
particular, primary myocardial cell isolation is done by modifying established 
protocols by Nag and Chen, TlssueCeH. 13, 515 (1981) and Dlugaz et aL. XfiiU 
BisL 29. 2268 (1 984). Briefly, a heart. e.g.. from an organ donor, is diss^ and 

25 washed in media. Digestion media inchides modified Jolicks MEM conlainmg 1 0 mM 
HEPES. 10 mM pyruvate. 5 mM L-glutamine. 1 mM nicotinamide, 0.4 mM L- 
ascorbate. 1 mMad«iosine, 1 mmD-ribose. 1 mMMgCfe, 1 mM taurine. 2 mM DL- 
camitine. and2mMKHC03. The hearts are minced in digestion media with 0.5 
mg/ml coHagenase (Worthington) and 1 00 mM CaCfe. The tissue is treated with 

iO ««=cessivedigestionsforl5minutesat37-CThecellsfiomlhefirstdigestionaix» 
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discarded and the next six digestion reactions are pooled. Cells are preplated for 1 
hour to remove fibroblasts, then plated in PC-1 (Ventrex)/DME-Hams F12 media. 

Alternatively, heart muscle is dissected from the left v^itricular free wall and 
quickly cut into pieces of ai^roximately 1 mm^ using an array of razor blades. The 
5 pieces are incubated for 12 minutes, while shaking at 37°C in 25 ml of a solution 
containing 1-2 calcium (LC) 120 mM NaCl, 5.4 mM KCl 5 mM, MgS04, 5 mM 
pyruvate, 20 mM glucose, 20 mM taurine, 10 mM HEPES, and 5 mM nitrilotriacetic 
acid, pH 6.96. The moMum is changed several (about 3) times during flie twelve 
minutes. The pieces are stirred by bubbling with 100% O2. After removal of the LC 

10 medium by straining with 300 jmi gauze, the pieces are mcubated at 37°C for 45 

minutes in LC without nitrilotriacetic acid, and 4 U/ml of type XXIV protease and 30 
\jM calcium added, followed by two 45 minute periods with the protease omitted and 
400 lU/ml collagenase added. The medium is shaken under an atmosphere of 100% 
O2. At the end of the second and third 45 minute periods, the solution containing the 

1 5 dispersed cells is filtered through a 300 |im gauze and centrifiigated at 40 X ^ for 1-2 
minutes. 

Alternatively, primary ventricular myocytes and cardiac fibroblasts are 
prepared using a Percoll gradient method as described by Iwaki et aL, L Biol Chem.. 
265, 13809 (1990). Cardiac fibroblasts are isolated fix>m the iqjper band of the Percoll 

20 gradient, and subsequently plated in high glucose Dulbecco's modified Eagle's 

medium siq>plemented with 10% fetal bovine serum. Myocytes are isolated firom the 
lower band of the Percoll gradient and subsequently plated in 4:1 Dulbecco's modified 
Eagle's medium; 199 medium, 10% horse serum and 5% fetal bovine serum. 

After isolation, tbe cells may be washed in a medium contaming calcium, e.g., 

25 30 pM calcium, and lesuspended in cutturing media. Such culture media can comprise 
DMEM, BSA, ascorbic add, taurine, camitme, creatinine, ingnhn^ penicillin G 
sodium, and an antibiotic, e.g., DMEM wifli flie addition of 0.2 g BSA, 0.1 mM 
ascorbic acid, 50 mM taurine, 16 mM carnitine, 50 mM creatine, 0.1 jiM insulin, 50 
U/ml penicillin G sodium, and 50 mg/ml strq>tomycin sulfiite. Culture media can also 

30 comprise DMEM witiiout calcium chloride anhydrous and D-calcium pantothenate. 
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Omega 3 fetty acids have been shown by Kang & Leaf (Circulation. 94. 1774 
(1996)) to protect against calcium overload and calcium paradox. Therefore, the 
culture media may also comprise omega 3 fatty acids, such as, docosaheanoic acid, 
eicos^>entaenoic acid, eicosatetraynoic acid, or polyunsaturated fatty acid. 
5 Magnesium (Mg^ is also known to be protective against calcium overload and 

has b^n shown to be beneficial in failing human myocardium (Schwinger et aL, Am. 
Heart J., 126, 1018 (1993); Schwinger et al., J. PhaimacoL Exp . Ther.. 263, 1352 
(1992)). Therefore, die culture media may comprise varying concentrations of Mg^^ 
e.g., from 0.1 to 16 mM. 
10 In one embodiment, cardiomyocytes are obtained from a tissue sample from a 

subject, e.g., a vertebrate subject, and successively exposed to a first solution with 
decreasing amounts of CaCt. The first solution fimher includes NaCl, HEPES, 
MgCb, KCl, and sugar at a pH of approximately 7.4, e.g., 140 mM NaCl, 10 mM 
HEPES, 1 mM MgQa, 5.4 mM KQ, and 10 mM sugar at a pH of approximately 7.4. 
15 The tissue may be disassociated wifli an eazyme solution and rq)eatedly resuspended 
in a second solution with increasing amounts of Caa2. The second solution may 
fiaither include Earless modified salt, L-glutamine, sodium bicarbonate, sodium 
pentothenate, creatine, taurine, ascorbic acid, HEPES, fetal bovine serum, an 
antibiotic, and a fatty acid, at a pH of proximately 7.4, e.g., sodium bicarbonate at 
20 1250 mg/U creatine at 328 mg/500 ml, taurine at 312 mg/500 ml, ascorbic acid at 8,8 
mg, HEPES at 2.383 g^500 ml, fetal bovine serum at 10% vA^, an antibiotic at 5% v/v. 
and a fatty acid at 1 pM at a pH of approximately 7.4. 

In yet another mbodiment, the second solution can be used to cultivate 
isolated cells, e.g., cardiomyocytes, including ttie steps of resuspending the isolated 
25 cells approximately every 24 hours in the second solution. In still anoth^ 

onbodiment^ the second solution can be used as maintenance or culture media for 
cells, e.g., cardiomyocytes* 

In anotbor fflibocfiment, cardiomyocytes are obtained Sx>m a tissue sanq)le 
from a subject, e.g., a vertd>rate subject, by cutting the tissue into smaller pieces and 
30 incubating the tissue in a first solution. The first solution inchides calcium, salts. 
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magnesium sulfate, pyruvate, glucose, taurine, HEPES, and nitrilotriacetic acid, e.g., 
1-2 \M CaCb, 120 mM NaCl, 5.4 mM KCl, 5 mM MgS04, 5 mM pynivate, 20 mM 
glucose, 20 mM taurine, 10 mM HEPES, and 5 mM nitrilotriacetic acid, at a pH of 
^proximately 6.96. After the addition of an enzyme, e.g., collagenase, to the first 
5 solution, the tissue is further incubated in the solution and later subjected to 

centrifiigation to obtain isolated cells. After shaking the tissue at 3TC for 12 minutes, 
and bubbling 100% O2 through flie solution, the tissue is incubated in a second 
solution comprising 1-2 CaCh, 30 ^iM NaQ, 5.4 mM KCl, 5 mM MgS04, 5 mM 
pyruvate, 20 mM glucose, 20 mM taurine, 10 mM HEPES, and 4 U/ml of a digestive 
10 enzyme, and subsequently incubated in a third solution comprisiog approximately 1-2 
liM, 30 \M NaCl, 5.4 mM KCl, 5 mM MgS04, 5 mM pyruvate, 20 mM glucose, 20 
mM taurine, 10 mM HEPES, and 4 U/ml of a digestive enzyme Preferably, 400 U/ml 
of a digestive aizyme, e.g., a type XXIV protease, such as matrix metailoproteinase 2 
or 4, and a collagenase, for example, matrix metailoproteinase 1 , 3, or 9, is added to 
15 the diini solution and the tissue subjected to centrifiigation to obtain isolated cells. 

Other solutions to enhance the yield and long-term survival rate of isolated 
cardiomyocytes include those m published U.S. ^plication 200201 10910. 
ii. Neonatal Skeletal Tissue 

To harvest cells fit>m neonatal tissue, muscle tissue is harvested fiom a limb 
20 and placed in a culture dish (65 mm diamet^) with 8 ml of calcium-fi-ee PBS. Muscles 
are ronoved under sterile conditions. All harvested tissue is transferred to a 50 ml 
conical tube containing 12 ml of tissue dissociation solution (TDS) (DMEM with 5% 
by weight dispase and 0.5% by wdgjht coDagenase IV) and stirred for approximately 
one hour in orda* to dissociate the tissue. The tube is ttien centiifiiged at 1 200 X g for 
25 approximately 1 5 minutes. A&a removal of the siq>ematant, cells are resuqiended in 
20 ml of Ham's F12 with 20 mg of coUagenase type IV and incubated at 37**C for one 
hour to allow tissue dissociation. The tube is again caitiifiiged at 1200^for 15 
minutes, after which the siq)ematant is removed and the cells are resospended in 
growth media (GM) (400 ml F12, 100 ml FBS and 100 U/ml penicillin G). Wifliin this 
30 cell suspension will likely be fibroblasts in addition to myogenic precursor cells. 
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iii- Adult or Aped Skeletal Tinfa^f 

Skeletal muscle may also be harvested fiom adult tissue and cut into strips. 
IMike neonatal tissue, muscle tissue fifom adult or aged animals yields more satellite 
cells if initially pieincubated before complete tissue dissociation. The increased 
5 activation of satellite cells may result from the use of NaNj in the preincubation media 
(PI) (90 ml DM and 10 ml 0.05% NaNj in 0.9% saline, where DM is 465 ml DMEM, 
35 ml hoise serum and 100 U/ml penicillin G). 

To pieincubate Ihe muscle tissue, the strips are pinned in a SYLGAJRD"^ 
coated cultute dish (35 mm diameter), covered with 2.5 ml of PI, and sterilized by 
10 exposure to ultraviolet Kght for approximately 40 minutes. The dishes are then 

maintained at ST'C in a water-saturated atmosphere containing 5% CO2 for 24 to 72 
hours, M*ere optimal pre-incubation times may vary for different muscles. 

After pre-incubation, each muscle strip is placed into a 50 ml conical tube with 
15 ml IDS solution and incubated in a shaker bath at 3T>C for approximately 3 hours 
15 untfl complete dissociation is observed. Immediately upon complete tissue 

dissociation, the tubes are centrifuged at 1200 ^ for 15 minutes. Subsequently, the 
supemalant is aspirated and cells are reconstituted with 5 ml GM. As with the cells 
derived fiom neonatal tissue, fibroblasts may be inchjded in the ceU suspension. 

Alternatively, myogenic cells are released 60m skeletal muscle fragmmfs by 
20 serial enzyme treatments. A one hour digestion with 600 U/mlcollagenase (Sigma, 
St Louis, Mo., USA), is followed by a 30 minute incubation in Hank's balanced salt 
solution (HBSS) containing 0.1% w/v bypsin (Gil)co Lab, Grand Island, N.Y., USA). 
Satellite cells are placed in 75 cm* culture flasks (Coster, Cambridge, Mass., USA) in 
proliferation medium, e.g., 199 medium (Gibco Lab.) with 15% fetal bovine seram 
(Gibco), 1% penicillin (10,000 U/ml) and 1% streptomycin (10,000 U/ml). 

In particular, fiir human myoblasts, these cells are grown fit>m donor human 
muscle and passaged cells are seeded at 2-3,000 cells per well in a 96 weU chister 
plate in Ham F12 medium containing 7.5% up to 20% v/vFCS. The medium may 
contain varying concentrations of UF. Cell numbers are counted at times up to 12 
days. ThtTC is a mariced stimulation of proliferation of myoblasts by LEF, e.g., at 30 
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U/mL FGF and HBGF also stimulate growth of satellite cells (DiMario et aL, 
DifferentiatioiL 39, 42 (1988)). TGF-a also stimulates human cells at concentrations 
ranging up to 10 ng/ml. 

In one embodiment, to expand skeletal muscle cells, skeletal muscle cells are 
5 cultured with isolated PDGF, TGF-beta, and/or FGF. e.g., at 5-10 ngtol. 
B. Non-Muscle Donor Cells 

Methods to isolate and/or culture non-muscle donor cells, and methods to 
induce a muscle cell-specific phenotype to those cells, i,e., differentiation, are known 
to the art. For instance, mesenchymal stem cells may be obtained by culturing 
10 adherent marrow or periosteal cells. To induce a cardiac cell-specific phenotype, 
MSCs cells may be cocultured with fetal, neonatal or adult cardiac ceUs optionally in 
the presence of fusigens, extracts of mammalian hearts, one or more growth factors, 
one or more differentiating agents, or subjected to mechanical or electrical stimulation. 
Bone marrow is a source for donor cells which have the potential to 

15 differentiate into caidiomyocytes. To obtain bone marrow cells, a bone marrow 
puncture is conducted by st^nal or iliac puncture. After skin disinfection of the part 
for puncture, a donor is subjected to local anesthesia Particularly, subpeiosteum is 
thoroughly anesthetized. The inner tube of a bone marrow puncture needle is pulled 
out and a 1 0 ml syringe containing 5000 U of hqiarin is attached to the needle. 

20 Normally 1 0-20 ml of the bone marrow fluid is quickly taken by suction and the 
puncture needle is removed, followed by pressure hmK>sta$is for about 10 minutes. 
The obtained bone mairow fhdd is centrifuged at 1 000 Xgixy recover bone marrow 
cells, which are tttra washed with PBS (phosphate buffered saline). After this 
c^txifiigation step is repeated twice, the obtained bone marrow cells are suspended in 

25 a cell culture medium such as A*MEM (armodification of MEM), DMEM (Dulbecco's 
modified MEM) or IMDM (Isocove*s modified Dulbeccos's medium) each containing 
10%FBS (fetal bovine serum) to pr^are a bone marrow cell snspmsion. 

For the isolation of the bone marrow cells having the potratial to difif^entiate 
into cardiomyocytes fit>m the obtained bone marrow cell suspeosion, any method can 

30 be ^ployed, so long as it is effective at removing odier cells existmg in the cell 
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suspension such as hetnatocytes. hematopoietic stem cells, vascular stem cells and 
fibroblasts. For example, based on the method described in Pittenger et al.. Science. 
m 143 (1999), the desired cells can be isolated by subjecting the cell suspension 
layered over PercoU having ttie density of 1.073 gtol to centrifugation at llOOXgfor 
30 minutes, and the cells on the interfece are recovered. Furthemiore. a bone manow 
ceU mixture containing the cells having the potential to differentiate into 
cardiomyocytes can be obtained by mixing the above ceU suspension with an equal 
amount of PercoU solution diluted to 9/10 with 10 X PBS, followed by centrifogation 
at 20000 X g for 30 minutes, and recovering the fraction having the density of 1 .075- 
1.060. A bone marrow cell mixture is diluted into single cell using 96-weIl culture 
plates to prepare a numba: of clones respectively derived fiom single cells. The clones 
having the potential to differentiate into caidiomyocyte can be selected by the 
observation of q)ontaneously beating cells generated by the treatment 

UmbiHcal blood is another source for donor cells. To prepare those cells, 
umbilical blood is separated fiom the cord, followed by addition of heparin to give a 
final concentration of 500 U/inl. After thoroughly mixing, cells are separated fiom the 
umbilical blood by centiifugation and resuspended in a cell culture medium, such as 
a-MEHDMEM or IMDM, each containing 10% FBS. Fiom the ceU suspension thus 

obtained, cells having the potential to differentiate into cardiomyocytes can be 
20 sq>arated using; for exanq>le. antibodies. 

Kbioblasts are also a source for doocar cdls of the invention. 

In Vitro Can^jfinnj^fj 

A variety of exogenous stinmli (-conditioning") may be employed in the 
mefliods of the Invention. For instance, donor cells may be treated /nvi/ro by 
subjecting them to mechanical, electrical, or biological conditioning, or any 
combination thereof. The conditioning may inchide continuous or intermittent 
exposure to the exogenous stimuH. Prefenred exogenous agents include those which 
enhance the survival, engiafbnent. dtffertntiatioii. pioliferatioii and/or fiinction of 
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donor cells after transplant One example of a cell treatment device for such in vitro 
conditioning is described later in this document 
A. Mechanical Conditioning 

Mechanical conditioning includes subjecting donor cells to a mechanical stress 
5 that simulates the mechanical forces ^pUed upon cardiac muscle cells in the 

myocardium due to tiie cyclical changes in heart volume and blood pressure. In one 
embodiment, a cyclic mechanical stress is 2^)phed to the donor cells. Jn one 
embodima^t the cyclical mechanical stress applied to donor cells results in the 
cyclical deformation of these cells, resanbling the cyclical deformation (contraction) 

10 ofcardiac muscle cells in vrw. The mechanical stress includes subjecting one or more 
donor cells» preferably a population of donor cells, to a mechanical force in one 
dimension and in one idirection, or alternatively, in one dimension and in two or more 
opposite directions, for exanqile, causmg the donor cells to sti^h and relax at a 
predetemuned frequency for a predetermined duration. Mechanical conditioning can 

IS result in donor cells that are c£^le of contracting vpan excitation by action 
potmtials. 

Mechanical conditiooing preferably alters gene expression, footein synthesis, 
and/or the activity of one or more cellular kinases in donor cells, and in one 
embodiment results in ptolifmtion and/or difBsentiation of the donor ceUs. In one 

20 embodimmt, mechanical conditioning of donor cells results in an altered expression 
profile, e.g., an altered expression profile for geaes ^coding BMP, VEGF, 
angiotensin n, and the like, in the donor cells. In one embodiment, mechanical 
conditioning of donor cells results in an increase in the number and/or activity of 
contractile elements including actin and myosin filaments, which are protein structures 

25 that intoact with each oth@r during muscle contraction. Donor cells subjected to 
mechanical conditioning thus develop contractility that is characteristic of muscle 
cells. 

hi one embodim^^ the mechanical conditioning includes subjecting donor 
cells to a medianical force so that the donor cells are physically ^ct^ided in at least 
30 one direction by ^proximately 5% to 20% of their length, and at a firequency of 0.25 
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to 2 Hz. In other words, at least one donor cell is forced to increase its length by 5% 
to 20% at 0.25 to 2 times per second. This simulates the mechanical tension which 
cardiac muscle cells are subject to under physiological conditions in vivo. In one 
embodim«it, donor cells are plated on a controUably defonnable culturing substrate in 
the presence of culturing media. The substrate is cycHcaDy defoimed to simulate the 
mechanical displacement of cardiac muscle. In one specific embodiment, the substrate 
includes a distensible strip made of medical grade silicone. Donor cells are plated on 
the distensible strip. The distensible strip is stretched and released, such that the donor 
cells on it change their length with the distensible strip in a manner simulating the 
cardiac muscle cells in vivo. One exan^Ie of such an ^paratus for applying 
mechanical stress to cells in a culture is given in Terracio et al.. In Vitro Cellular & 
Developmental Biolon^, 2401 53-58, 1988, where the siKcone strip is subject to 
calibrated mechanical toosion created with a variable ^eed motor. 

In one embodiment the mechanical conditionmg is applied continuously for a 
predetermined period of time, h one specific embodiment, the predetermined period 
is in the range of 1 to 14 days. Ja another embodimart, the mechanical conditioning is 
applied intennittently for a predeteimined period of time interrupted by one or more 
resting (non-stunulating) periods. In one specific anbodiment. the mechanical 
conditioning is q)plied with a dirty cycle that is in the range of 5% to 75% for a 
20 predetermined poiodfliat is in the range of 1 to 14 days. 
B. Electrical Conditimii^ 

Electrical conditiooing inchides subjecting donor cells to electrical conditions 
that simiilatB the electrical conditions in the myocardium which result in contraction of 
theheart Sa the heart, contraction results primarily fiom the contractions of atrial and 

25 ventricular muscle fibers. Contraction of atrial and ventricular muscle fibers is slower 
and is ofa longer duration than the contraction of skeletal muscle. Cardiac muscle 
and dccletalnniscle, however, share anmnberofcommon anatomic characteristics. In 
the same manner as skeletal muscle, cardiac muscle is made up of elongated fibers 
with transverse dark and Ugfat bands. The daric bands correspond to the boundaries 

30 betweenceHs. Each fiber is made up ofindividualcens connected in series with each 
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other. Cardiac muscle includes myofibrils, which are the longitudinal parallel 
contractile elements composed of actin and myosin filaments that are almost identical 
to those of the skeletal muscle. The actin and myosin filaments interdigitate and slide 
along each other during contraction. Contraction is caused by action potentials that 
5 propagate along or spread over the muscle fibers. The propagation of action potentials 
results firom changes in the electrical potential across muscle cell membranes, referred 
to as membrane potential. The changes in the membrane potential are in turn caused 
by flow of sodium, potassium, and/or calcium ions across the muscle cell membranes 
through ion chaimels, which are formed by protein molecules in the cell membranes, 
10 Some types of muscle include protein structures called gap junctions tfarougii which 
ions flow from one muscle cell to another. junctions allow the flow of ions, and 
hence the propagation of action pot^tials, directly firom one cell to another. Cardiac 
muscle has at least two unique anatomic charactaistics: a high density of calcium* 
sodium channels and a hig^ density of gap junctions. These characteristics distinguish 
15 cardiac muscle fix>m skeletal and other types of muscle. 

Action potential propagates in skeletal muscle mainly via the sudden opening 
of &st sodium channels that allow sodium ions to ^ter the muscle cells. Each 
opening of a fast sodium diannel lasts for only a few ten-thousandths of a second. In 
contrast, cardiac muscle includes both &st sodium channels and slow calcium-sodium 
20 channels that allow both calcium and sodium to enter the muscle cells. Each opening 
of a slow calcium*sodium channel lasts for several tenths of a second. Tlds results in 
the long duration of contraction, which charact^izes cardiac muscle. 

exjunctions in cardiac muscle fibers allow relatively fiiee flow of ions across 
the cell membranes along the fiber axes. Thus» action potentials travel fix>m one cell 
25 to anoth^ with litde resistance. Cardiac muscle is a syncytEum (mass of fiised cells) 
with muscle fibers arranged in a latticework in which the fib^ branch, merge, and 
branch agam. When one ceU in tilie syncytium becomes excited, the action potential 
prc^agates fix>m cell to cell ai^ spreads throughout the latticework intaiconnections. 
The heart inchides two syncytiums, the atrial syncytium and the ventricular syncytium. 
30 In anotmal hear^ action potoitials are conducted fiom the atrial syncytium to the 
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vemtricular syncytium throu^ a conduction system, the A-V bundle, and the atrial 
syncytium contracts before the ventricular syncytium. 

Jn one onbodiment, electrical conditioning includes providing electrical 
stimufi such as cardiac pacing pulses to the donor cells in culture so as to cause them 
5 to conttacL In another anbodimtaat, the electrical conditioning inctades providing a 
Static electrical field to flie donor cells in culture. Electrical conditioning can result in 
Ae donor ceUs proliferating and differraitiating into canliac muscle cells, and 
preferably results in cells functioning as cardiac muscle cells. 

fa one «abodimept, electrical conditioning of donor cells results in cells widi 
10 one or more characteristics of cardiac muscle cells, including a high daisity of 
calcium-sodium channels and a high density of gap junctions. Such electrical 
conditioning may occur fevftro and/or w WW. Moreover, once the donor ceUs are 
implanted in the myocardium, they are subject to the pattern of contractions in the 
myocardium and may, if feey are not cardiac muscle cells, differentiate into cardiac 
muscle cells. In one embodiment, the donor ceUs are electrically conditioned prior to 
implantation into the myocardium. In one embodiment, the electrical conditioning 
includes subjecting the donorcells to an artifidally induced contraction pattern that 
simulates the physiological conhactions of cardiac muscle cells in vivo. The 
contraction pattern is induced by electrical stimulation such as by cardiac pacing. In a 
20 fi«»>«aidH)dhnent,fte donor cells are a^ 

fliat simulates the environment in the myocardium. Electrical conditioning of donor 
cdls, inchiding canliac pacing and/or field stimulation, may result in an altered 
expression profile of the donor cells, including increased calcram-sodhnn channel 
expression and/or increased expression and/or formation of gq> junctions. For 
25 instimce, electrical conditioaing may increase angiotensin n or VEOT 
Miach in turn increases g^ junction formatioa 

In one onbodiment, padng pulses are geooated by a pacemaker or any pulse 
genwatorcapableofproducingthepacingpnlses. The donor cells are placed in a 
culturing media including fluids which simulate the extraceUuIar fhud of fihe 
myocardiam. The padng pulses are deHveied to the donor cells through two 
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electrodes placed in the culture. Parameters controlling the delivery of the cardiac 
pacing pulses include pacing rate, pacing voltage, and pacing pulse width, which are 
each selected from a physiological range to simulate die electrical activities within the 
myocardium. In one specific embodiment, the pacing rate is in the range of 1 5 to 1 20 
5 beats per minute; the pacing voltage is in the range of 0. 1 to 1 0 volts; and the pacing 
pulse width is in the range of 0. 1 to 10 milUseconds. hi one embodiment, cardiac 
pacing is ^plied to the donor cells continuously for a predetermined period of time. 
In one specific embodiment, the predetermined period of time is in the range of 1 to 14 
days. In another embodiment, cardiac pacing is ^plied intermittently to the donor 
1 0 cells for a predetermined period that is interrupted by one or more resting (non-pacing) 
periods. In one specific embodiment, cardiac pacing is applied to the donor cells with 
a duty cycle in the range of 5% to 75% for a predetermined period that is in the range 
of] to 14 days. 

In one embodiment, a static electrical field is 2q>plied to a donor cell culture. In 
15 one q>ecific ^bodiment, the field strength is in the range of 1 to 1 00 volts per meter. 
In one embodiment, the electrical field is ^plied continuously for a predetermined 
pmod. Inonespecificmbodimentythepredetenninedperiodisintherangeof I to 
14 days. In anotoembodimmt^Oie electrical field is appfied for a predetermined 
. period that is int^nq)ted by one or more resting (non-stimulation) periods. In one 
20 q>ecific embodiment, the electrical field is applied with a duty cycle of 5% to 75% for 
apredet^minedperiodthatism therangeof I to 14days. 
C. Biolopical Conditioning 

Biological conditi<ming includes subjecting donor cells to exograious agents, 
e.g., difTerentiation fiictors, growth &ctors, angiogenic proteins, survival &ctors, and 

25 cytxddnes, as well as to ^qsEFcssion cassettes (transg^^^ 

including, but not limited to, an angiog^c protdn, a growth &ctor, a difBa^tiation 
factor, a survival fictor, a cytokine, a cardiac cell-qpecific structural gene i»oduct, a 
cardiac cell-specific transcription factor, or a membrane protein, or comprising an 
antisense sequ^ce, for instance, a ribozyme^ or any combination tiiereof. The 

30 expression cassette optionally includes at least one control el^ent such as a promotq:. 
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optionaUy a regulatable promoter, e.g., one which is inducible or repressible, an 
enhancer, or a transcription termination sequence. Preferably, the promoter and/or 
enhancer is one which is cell- or tissue-specific. e.g., cardiac cell-specific. For 
instance, the enhancer may be a muscle oeatine kinase (mck) aihanc«. and the 
5 promoter may be an alpha-myosin heavy chain (MyHC) or beta- MyHC promoter (see 
Palemo et al.. Ore. Res.. 7§, 504 (1996)). 

i. Tranfi|>ftnp:fi 

la one embodiment, Obs transgeme encodes a gene product including but not 
limited to an angiogenic protein, e.g., a fibroblast growth factor (FGF) such as acidic- 
10 FGF. basic-FGF, and FGF-5, vascular endotheUal growth factor (VEGF), e.g., 

VEGF,«. VEGF,2,, VEGF,2o, VEGF,«, VEGF,6s, VEGF.gs, and VEGF206. IGF-1, 
TGF-beta, e.g., TGF-betai, leukemia inhibitory factor (UF) alone or in combination 
with other cytokines, a myogenic fector, e.g., myoD, RyRZ (cardiac ryanodine 
recqrtM), Del I. myogenin, parvalbumin, MyfS, and MRF, transcription factors 
15 (GATA sudt as GATA-* and dHAND/eHAND). cytokines such as caidiotrophin-l, 
calsequestrin. neure^nlin, for mstance, neuregulin 1, 2 or 3, and homeobox gene 
products, e.g., Csx. tinman, and the hOCx fimily, e.g., NKx 2.5, transferrin, platelet- 
derived growth fector (PDGF), qadermal growth fiictor (EGF), adrenocorticotrophin, 
macrophage colimy-stimulating fictw, protein kinase C activators, endothelial growth 
20 factor, fa adfenexgic receptor (1 <sc 2), mutant G protein receptor kinase (GRK), 

adenylyl cj^ase (AC), e.g., cardiac AC such as human type H, V or VI adenyl cylase 
(U.S. Patent No. 6,436,672X V2 vasopressin Kceptor, sarcqplaamic reticulum Ca2* 
ATPase (SHlCA2a), id]oq>hoIambam, p-adroiergic receptca kinase, N-cadherin, 
conneadn.40, connejdn-42, connexin^3, contractable proteins, e.g., myosin heavy 
chain (MyHQ, myosin light chain (MyLC), myosin binding protein C, actin, 
tropomyosin, troponin, e.g., troponin T, M protein, tropomodulin, myofibrillar protein, 
stress related protdn. e.g., heat diock profdn (HSP) such as HSP70i, HBSa»27, HSP40 
or HSP60, a-1 antitrypsin, HFl-a, HF-Ib, MEF2, hepatocyte growth fector (HGF), 
BMP-2. BMP-4, BMP-I7. BMP-18, Pax7. oxytocin, oxytocin receptor, myocyte 
nuclear fiictor, Frzb (see published US appKcation 20020147329), Rb-interacting zinc 
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finger protein (U.S. Patent No. 6,468,985), eNOS, iNOS, serine/threonine protein 
phosphatase, cardiac hypertrophy factor, CT-1, a, p, y or 5 sarcoglycan, hypoxia 
inducible factor la, bcl-2, FasL, cytokine gp 130 receptor, gpl30, Akt, adenosine A3 
receptor, angiogenin, e.g., angiog«un-l or angiogenin-2, TNFa, dystrophin, ta£izzin, 
5 desmin, lamin, troponin C, caspase inhibitors, ERK-type of MAP kinases ^2 and 
p44, anti-apoptosis), IL-IB, senim releasing factor, and ILGF (I and II), NGF, growth 
hormone, e.g., human growth hormone, or angiotensin, e.g., angiotensin H. 

In another embodiment, e.g., for cells fiom a mammal with an inherited or 
acquired disorder such as one characterized by overexpression of certain endogenous 
10 genes, the transgene may comprise antisense or ribozyme sequaices which 
substantially correspond to the reverse complement of at least a portion of the 
endogenous gene, and which, whai expressed in a host cell, results in a decrease in the 
expression of the endogenous g«ie. Alternatively, the transg^e may comprise 
sequences which, aftCT homologous reoMnbination with the endogenous gene, result in 
15 a decrease in the expression of the endogenous gene. For instance, the use of 

antisense vectors resulting in the decreased expression of the foDowing gme products 
may be beneficial in autologous cell therapy, gene products including, but not limited 
to, those which induce qxptosis, e.g.. Fas, Baxl and Apol, or a Na/Ca exchanger, or a 
mitogen-activated protein (MAP) kinase, Janus kinase (JAK)/signal transduce or 
20 activator of transcription, calcium/cahnodulin-depcndent protein phosphatase, 

calcineurin, camitme palmoyl-transferase I, matrix metailopioteinase, eNOS, iNOS, 
sofine/threonine protein phosphatase, or stress response mitogen activated protein 
kinase, e.g.. Junk and p38-MAPK. 

For purposes of the present inv^tion, control elonents, such as muscle^ 
25 specific ai^ inducible promoters, enhancers and the lite, will be of particular use. 
Such control elements include, but are not limited to, tiK>se derived fix>m fhe actm and 
myosm gene j&milies, such as from fee myoD gene £muly (Weintraub et al.. Science. 
25L 761 (1991)); the myocyte-spedfic enhancer binding fector MEF-2 (Cseqesi and 
Olson, MoL Cell Biol.- 11, 4854 (1991)); control elemwits derived fiom the human 
30 skeletal actin gene (Muscat et aL, Mol: Cell Bio., 7, 4089 (1987)) and the cardiac actio 
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gene; muscle creatine kinase sequ^ce demits (Johnson et al., MoL Cell BioL, 9, 
3393 (1989)) and the murine creatine kinase enhancer (mCX) element; control 
elements derived from the dceletal fast-twitch troponin C gene, the slow-twitch 
cardiac troponin C gene and the slow-twitch troponin I gene; hypoxia-indudble 
5 nuclear factors (Semenza et al., Proc. Natl. Acad Sci. USA, 88, 5680 (1991); Semenza 
et al., J. BioL Chem., 269, 23757); steroid-inducible elements and promote such as 
the glucocorticoid response element (GRE) (Mader and White, Proc. Natl. Acad Sci, 
1^ 90, 5603 (1993)); the fusion consensus element for RU486 induction; and 
elements that provide for tetracycline regulated gene expression (Dhawan et a!., 
1° SoniatCeU.Mol. Genet, 2L 233 (1995); Shockett et al., Proc^Natl. Acad. Sd. USA 
92,6522(1995)). 

Cardiac cell restricted promoters include but are not limited to promoters from 
the following genes: a a-myosin heavy chain gene, e.g., a ventricular a-myosin heavy 
chain gene, P-myosin heavy chain gene, e.g., a ventricular p-myosin heavy cham 

15 gene, myosin light chain 2v gene, e.g., a ventricular myosin Ught chain 2 gene, myosin 
light chain 2a gene, e.g., a ventricular myosin light chain 2 gene, cardiomyocyte- 
restricted cardiac ankyrin rq)eat protein (CARP) gene, cardiac a-actin gene, cardiac 
m2 muscarinic acetylcholine gene, ANP gene, BNP gene, cardiac troponin C gene, 
cardiac troponin I gene, cardiac troponin T gene, cardiac sarcoplasmic reticulum Ca- 

20 ATPase gene, skeletal a-actin gene, as well as an artificial cardiac cell-specific 
promote* 

Further, chamber-specific promote: promoters may also be employed, e.g., for 
alrial-specific expression, the quail slow myosin chain type 3 (MyHC3) or ANP 
promoter, may be employed. For v«itricle-specific expression, die iroquois 
25 homeobox gme may be CTiployeA Nevertheless, oth^ promoters and/or enhancers 
which are not specific for cardiac cells or muscle cells, e.g., RS V promoter, may be 
enq>loyed in the expression cass^cs and methods of the invention. 

Other sources for promoters and/or rahancers are promoters and enhancers 
from the Csx/NKX 2.5 gene, titin gene, a-actinin gene, myomesin gene, M protein 
30 gaie, cardiac troponin T gene, RyR2 gene, Cx40 gene, and 0x43 gene, as weU as 
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genes which bind MefZ, dHAND. GATA, CarG, E-box, Csx/NKX 2.5, or TGF-beta, 
or a combination thereof. 

Preferably, the transgenic donor cells include a transgeae that enhances the 
proliferation, engraftment, survival, differentiation and/or function of the donor cells 
5 and/or decreases, replaces or supplements (increases) the expression of endogenous 
genes in the donor cells, hi one embodimait, the expression of the transgene is 
controlled by a regulatable or tissue-specific, e.g., cardiomyocyte-specific promoter. 
Optionally, a combination of vectors each with a different transgene can be employed. 
Delivery of exogenous transgenes may be accomplished by any means, e.g., 
10 transfection with naked DNA, e.g., a vector comprising the transgene, Uposomes, 
calchim-mediated transformation, electroporation, or transduction, e.g., using 
recombmant viruses. A numb^ of transfection techniques are goierally known in the 
art See, e.g., Graham et al., Virolo}gv, 52, 456 (1973), Sambrook et al.. Molecular 
aoning: A Laboratory Manual. Cold Spring Harbor Laboratories, New York (1989), 
15 Davis ^ aL Basic Methods in Molecular Biology, Elsevier (1986^ and Chn et al.. 
Gene, 13, 197 (1981)« Particularly suitable transfection methods include calcium 
phosphate co-predpitation (Graham et aL, ViroL, 52, 456 (1973)), direct 
microinjection into cultared cells (Capecchi, Cdl, 22, 479 (1980)), electroporation 
(Shigdcawa et al,, BioTechnioues. 6, 742 (1988)), liposome-mediated graie transfer 
20 (Mannino et aL, BioTechniques. 6, 682 (1988)), lipid-mediatcd transduction (Feigner 
et al., Proc, Natl. A cad Sci. USA. 84, 7413 (1987)), and nucleic acid delivery using 
Mgph-velocity microprojectiles (Klein ^ al.. Nature. 327. 70 (1987)). Pteferred 
recombinant viruses to deliver exogenous transgenes to cells include recornbinant 
lentivinises, retroviruses, adenoviruses, ad^o-assodated viruses (AAV), and herpes 
25 viruses including cytomegalovirus. 

In one embodunent, recombinant AAV (rAA V) is employed to deliver a 
transgoie to donor cells. Myoblasts are transduced either while actively dividing, or 
as a difi^:entiated cell culture. DiffeFentiation is induced by placing subconfluent 
myoblasts in DMEM containing 2% horse serum and standard concentrations of 
30 glutamine and penicillin-strq)tomycin for an interval of four da^ prior to 
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transduction. Verification of differentiation is by microscopic analysis to deteimine 
Ae presence of multinucleated myotubes in culture. Myotubes (difEerentialed cells) or 
myoblasts (dividing cells) are transduced in culture. 

Otfaer &cop enous Biolopical Agents 
In another embodiment, the exogenous biological agent includes but is not 
limited to an angiogenic protein, e.g., a FGF such as acidic-FGF. basio-FGF, and 
FGF-5, VEGF. e.g.. VEGFhs, VEGF.^,, VEGF^o, VEGF,«, VEGF,«. VEGF.s,. and 
VEGF206. IGF-1. TGF-beta, e.g., TGF-beta,, LB? alone or in combination with other 
cytokines, a myogenic factor. c.g., myoD. RyRZ (cardiac ryanodine receptor). Del I. 
myogenin. parvalbumin. Myf5, and MRF, GATA such as GATA-4 and 
dHAND/eHAND, cytokines such as cardiotrophin-1. calsequestiin, neuregulin. for 
instance, neuregulin 1, 2 or 3. and homeobox gene products. e.g.. Csx, timnan. and the 
NKx fenrily. eg., NKx 2.5, transferrin, PDGF, EGF. adrenocorticotiophin. 
macrophage colooy-stimulating fector, protein kinase C activators. endotheUal growth 
fector, p2 adrenergic receptor (1 or 2), mutant G protein receptor kinase (GRK), AC, 
e.g, cardiac AC such as human type II, V or VI adenyl cylase (U.S. Patent No. 
6,436.672), V2 vasopressin receptor, SERCA2a. phospholambam, P-adrenergic 
receptor kinase. N-cadherin, connexin-40, connexin-42, connexin-43, MyHC, MyLC. 
myosin binding protein C, actin, tropomyosin, troponin, e.g.. troponin T. M protein, 
tropomodulin, myofibrillar proton, stress related protein, e.g, HSP such as HSP70i, 
HSP27. HSP40 or HSP60, a-1 antitrypsin, HFl-a, HF-lb, MEF2, HGF, BMP-2, 
BMP4, BMP-17. BMP-18. Pax7, oxytocin, oxytocin receptor, myocyte nuclear fector, 
Frzb (see published US appUcation 20020147329), Rb-interacting zinc finger protein 
(U.S. Patent No. 6,468,985). eNOS. iNOS, serinerthieonine protein phosphatase, 
cardiac hyperlR^y fector. CT-1. a. p, y or 5 sarcoglycan, hypoxia inducible factor 
la,bcl-2.FasL,cytokmegp 130 receptor, gpl30, Akt, adenosine A3 receptor, 
anglogemn, e.g.. angiogenin-l or angiogenin-2. TNFo, dystrophin, tafazzin, desmin, 
lamin, troponin C, caspase inhibitors, ERK-type of MAP kinases (p42 andp44, anti- 
apoptosis), n^lB, serum releasing factor, and ILGF (I and A), NGF, growth hormone, 
30 e.g, human growth honnone, angiotensin, e.g., angiotensin H, inotiopes. 
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norepinephrine, retinoic acid, dexamelhasone, 5 azacytidine, or preconditioned media, 
e.g., from ES cells whidi contains a plurality of growth factors. Such agents may also 
be administered to a mammal prior to, during, or after ceU therapy, or any combination 
thereof. 

5 iii. Methods to Induce Differentiation 

Any method may be anployed to induce the differoitiation of a 
noncardiomyocyte to a cardiomyocyte, mcluding contacting the noncardiomyocyte 
cells with an exogenous agent(s) including introducing a transgene to the 
noncardiomyocyte cells, the expression of vMch in the noncardiomyocyte cell results 
10 in differentiation of the cell to a cardiomyocyte. For instance, differentiation into 
cardiomyocytes may be induced by treatment with a DNA demethylating agent, a 
fector which is expressed in the cardiogaiesis region of a fetus, a factor which controls 
differ^tiation into cardiomyocytes in the cardiogenesis stage of a fetus, a culture 
supernatant of cells having the potential to diflferentiate into cardiomyocytes or a 
15 culture supernatant of cardiomyocytes differentiated fiom the cells. For example, 
MSCs can be induced to express cardiac specific genes by co-culturing MSCs with 
fetal, neonatal and adult rat cardiac cells, employing chemical fiisigens (e.g., 
polyethyl^e glycol or sendai vims) to create heterokaryons of MSCs with fetal, 
neonatal and adult cardiomyocytes, incubating MSCs with extracts of mammalian 
20 hearts, including the extracellular matrix and related molecules found in heart tissue, 
treating MSCs wifli growth factors and differentiating ageats, employing mechanical 
and/or electrical stimulation of MSCs, and mechanically and/or electrically coupling 
MSCs with cardiomyocytes. Similarly, endotheUal cells can be induced to diflferentiate 
into cardiomyocytes whcm cocultured with neonatal cardiomyocytes (Condorelli et aL, 
25 Proc. Natl Acad, Sd. USA 98, 10733 (2001). MSCs thai progress towaids 

cardiomyocytes first express proteins found in fetal cardiac tissue and then proceed to 
adult forms. 

For ES cells, culturing those cells with hepatocyte growth factor, EOP, basic 
FGF, TGF-beta, BMP-2, DMSO, oxytocin, and retinoic acid can result in cultures 
30 enriched in cardiomyocytes (Boheler et al., Circ.Res., 9L 189 (2002)) (see also Xu et 
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al.. QlS^ 9L 501 (2002)). For example, human undifferentiated BS cells aw 
grown onaimtolicallyinactivated(ndtomycinC)MEF feeder layer in 
as described in 111001300,851^ 282. 1145(1998). TTie culture medium may 
mclude 80% knockout DMEM (no-pymvate, high-glucose formulation; Life 
: Technologies Inc., Rockville. Maryland. USA) supplemented with 20o/o FBS 

(HyClone. Ugan. Utah, USA), 1 mM L-glutamine. 0.1 mM mercaptoethanol. and 1% 
nonessential amino add stock (all from Life Technologies Inc.). To induce 
differentiation, ES cells are dispersed to smaU clumps (three to 20 ceUs) using 
collagenaseIV(LifeTechnologiesInc., 1 mgtol for 20 minutes). Ihe cells are then 
tnmsfen^J to plastic Petri dishes (Miniplast, Ein Shemcr, Israel), at a cell density of 
about 5 X 1 0« cells in a 58.mm dish, where they are cultured in suspension for 7-1 0 

days. I>Mingftisstage,thecelbaggregatedto form embryoid bodies (EBs). which 
are thenplated on 0.1% gelatm-coated culture dishes, at adensity of one to five EBs in 
a 1.91^2 ^^j^ ^ microscopically for the ^earance of spontaneous 

contractions. DMSO (Sigma Oiemical Co.. St Louis. Missomi. USA) may be added 
ataconcenlralionof0.75%(voWoI) to Iheculture medium during the lOdaysof 
growth in suspension to enhance differentiation- 
Bone marrow ceUs may be induced by treatment with a DNA demethylating 
agent.afectorwhichis expressed inli«cardiogenesisregionofafetus.afacto 
contmlsdifferentiationintocardiomyocytesinthecardiogenesfe a 
culture sup«Batant of cells having the potential to diffi^ntiate into cardiomyocytes or 
acutturcsupematantofcardiomyocytesdifferentiatedfiomthecells. AnyDNA 
demethylating agent can be used, so long as it is a compomKl M*ich causes 
demethyiationofDNA. SuitableDNA demethyiatmg^ts include demethylase 
which rs an «zyme wWch j^edfically removes the methylation of the cyfosine 
residue in the GpC sequence in a chrcanosomal DNA, S-azacytidine (heranafter 
referred to as "S-aza-C") and DMSO (dimethyl sulfoxide). Examples of the 
demethylase enzymes includeademethyiasedisclosedinBhattacharyaetaL 1^ 
322.579(1999). Cells havi^g the potential to differ«itiate into cardiomyocytes may 
thus be cultured in thep^sence of 3 pmol/Lto 10 MinoW,of5-aza-Clbr24hour,. 
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A&&r 5-aza-C is removed by replacing flie culture supernatant witii a jfresh medium^ 
the cells are cultured for forther 2-3 weeks to obtain cardiomyocytes. The 
cardiomyocytes produced by culturing for 2-3 weeks are mainly sinus node cells, but 
culturing for more than 4 weeks induces differentiation into ventricular . 
5 cardiomyocytes. In one embodiment, bone marrow cells are treated with S-aza-C, 
BMP-2 or BMP-4 to induce difiFereaitiation. 

Examples effectors which are expressed in the cardiogenesis region of a fetus 
and fectors which act on differentiation into cardiomyocytes in the cardiogenesis stage 
of a fetus include cytokines, retinoic acid, adhesion molecules and transcription 
1 0 fectors. Exemplary cytokines include PDGF, FGF-8, eaidothelin 1 (ETl), midkine, 
and BMP-4, and prefiared examples of PDGF include PDGF A, PDGF B, PDGF C 
and the like, in one embodiment, die cytokine can be used at a concentration of 1 0 to 
40 ng^ml. It is also possible to stimulate cardiomyogenic differentiation using an 
inhibitor of a cytokine which siqjpresses cardiomyogenic diffemitiation, e.g., an 
15 inhibitor of fibroblast growth &ctor-2 and molecules which inhibit the signal 
transduction of the suppressive cytokines, such as antibodies and low molecular 
weight compounds which neutralize cytokine activities. Examples of adhesion 
molecules include extracellidar matrices such as gelatin, laminin, coll^^oi, fibronectin 
and die like, and examples of the transcription factors include a homeobox-type 
20 transcription fector, e.g., Nkx2.5/Csx, a zinc finger-type transcription factor belonging 
to the GATA family, e.g., GATA4, transcription fectors belonging to the myocyte 
enhance fector.2 (MEF-2) family, MEF-2A, MEF-2B, MEF-2C and MEF-2D, 
transcription fectors belonging to the basic helix loop helix-^e transcription fictors, 
e.g., dHAND and eHAM), and transcription fectors belonging to the &mily of TEA- 
25 DNA binding-^e transcription factors, e.g., TEF-I , TEF-3 and TEF-5. 

Cardiomyogenic differentiation may also be induced by culturing ceUs in a 
culture dish coated with an extracellular matrix obtained fitnn spontaneously beating 
cardiomyocytes, co-culturing cells with spontaneously beating cardiomyocytes or 
adding a culture siq>ematant of spontaneously beating cardiomyocytes to cells. 
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Bone mairow cells having the potential to differentiate into canHomyocytes 
may include cells which are CD 117* and CD140^ The cells which are GDI 17* and 
CD14C* may mclude cells which are CD34^ CDl it and CDMO^ and cells which 
are 0)34-, CDl 17* and CD140*; as weU as ceUs which are CD144\ CD34^ GDI 17* 
and CD140*. cells which are CD144-. CD34*. CDl 17* and CD140* 'cells wMch are 
CD144*, CD34-. CDl 17* and CD140*. and cells which are CD144-. CD34-, CD117* 
and CD140*; cells which are CD34*, CD117*, CDM", CmS , CD90; Flk-r CD3r 
CD105-. CDI44* CD140*, CD49b; CD49d-, CD29*. CD54-, CD102-. CDK^e" and ' 
CD44*. cells which are CD34*, CDl 17*. CDW, CD45\ CD90\ Flk-r. CD31- 
CD105-. CD144-. CD140*, CD49b-, CD49d-. CD29*. CD54-. CD102-. CDlOff'and 
CD44*, cells which are CD34-. GDI 17*. CDM; CD45-, CD90\ Flk-r CDS r 
CD105-. CD144*. CD140*. CD49b-. CD49d-. CD29*. CD54; CD102-.'cD106- and 
CD44*, and cells which are CD34*, GDI 17*. CDI4-. CD45-, CD90-, Flfc-r CD31 
CDI05; GD144-. GD140*. CD49b-, CD49d-. CD29*, GD54-. CD102-. CDl'od- and' 
15 CD44*. 

. Forhematopoieticstemcells,agrowthfactorwhichinduceshematopoietic 
stem cells to differentiate into cardiomyocytes includes, but is not limited to. retinoic 
acid, stem cell fictor, basic fibroblast growth fector. acidic fibroblast growth fector 
«HiotheKal cell growth fector. fibroblast growth factor-4. endothelin-1 . interleukin ' 
50 Ciiicludin&e.g..tt.2.IL-10andn-15).transfimninggrowthfactoraIphaa^^^ 
transfonniRg growth fi«tor beta (TGF/S). GM-CSF. IGF- 1 platelet derived growth' 
fector (FDGFX bone monAogenic fi«:tor-4. and Wnt (e.g.. a member of the class 
WirtSa. iiKludii,ge.g.. WntllX andoptionany dexamethasone, hyahironic acid, 3 3' 5- 
tniodo.L-1hyromne,cAMP.angiotensinII.mam»ose./3-men:^toelhanol.a^^^ ' 
5 Pn>teinkinaseC(PKQinbT«tor(inchiding.e.g..sphingosine). 

For fibroblast cells, EGF is a prefened agent to induce the diffei^tiation of 
those cells. 



IV. 



j &cemplaryMerhods to Characteri z e the Phenntvp . of Ponnr TpJIc 
Sttbfected to BioloricaT rnnHtri^,v^p 
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Methods to detect expression of a transg^e in a donor cell include methods 
that detect transgene-specific RNA, e.g., RT-PCR, or methods that detect a gene 
product encoded by the transgene, e.g., via an EUSA. Examples of gene-specific 
assays include, for instance, those for AC (see, Salomon et aL, Anal. Biochem.. 58, 
5 541 (1974); Hammond et aL, Circulation. 85, 269 (1992); Hammond et al.. 

Circulation, 8, 666 (1992)), for p-adrenergic receptor binding or content (Hammond et 
al.. Circulation, 8, 666 (1992); Roth et al., FEBS Lett, 29, 46 (1 992)), for GRKj and 
GRK5 content (see, e.g., Ping et al., J. Clin. Invest.. 95, 1271 (1995); and Roth et al., 
FEBS Lett, 29, 46 (1992)), and for G protein receptor kinase activity (see, Benovic, 
1<> Methods Enzymology, 200, 351 (1991); Ping et al., J. Clin. Invest.. 95, 1271 (1995); 
Ping et al., J. Clin. Invest. 95,1271 (1995); Ungerer et al., CiiculatioD. 87, 454, 
(1993)). 

In one embodiment, preferred donor cells are cardiomycytes, e.g., prepared 
from cardiac tissue or noncaidiac tissue. Detection of expression of cardiomyocyte- 
15 sped&c proteins may be accomplished using antibodies to, for example, myosin heavy 
chain monoclonal antibody, e.g., MF 20 (MF20), sarcoplasmic reticulum calcium 
ATPase (SERCAl), e.g., mnAb lODl, or gap junctions, e.g., using antftodies to 
connexin 43, as well as pbospholamban, or by detecting the expression of the 
following gMies: titin (Z-band), a-actinin, myomesin, sarcomeric myosin heavy chain, 
20 sarcomeric a-actin, cardiac tropinin T, M protein, RyR2, Cx40 and Cx 43. For the 
difiF«ientiation of ES cells to cardiomyocytes, the expression of the following genes 
may be monitored: Nkx 2,5, MEF2c GATA 4/5/6,desmin, M-cadherin, betal-integrin, 
oxytocin, oxytocin receptor, cardiac myosin heavy chain, myosin h^t chain 2 A or 
2C, cardiac tropimn I, troponin C and ANP. For the diflferentiation of bone marrow 
25 daived MSCs» the repression of flie following genes may be monitored: betal and 
beta2 adrenergic lecqitors, e.g., via the respcmse of cells to isoproterenol, or 
muscarinic receptors, e.g., via the response of cells to caibac^ol. 

Atriai-like cells may be identified as cells having ion currents associated with 
muscarinic acetylcholine-activated K+ channels and inwardly rectifying K+ channels, 
30 but not hyperpolaiization^activatedpacOTaker channels, while v«itricular-like cells 
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may be identified as cells having ion cwrents associated with inwardly rectifying K+ 
dianneb and SR ryanodine-sensitive calcium-release channels but not muscarinic 
acetyldioline-activatedK+chamielsorhypeipoIarization-activatedpaca^ 
channels. Sinus node-like cells may be identified as ceUs having ion currents 
associated wifli muscarinic acetylcholine-activated K+ chamiels and SR ryanodine- 
sensitive calcium release channels, and hypeipolarization-activated pacemaker 
channds but not inwardly rectifying K+ channels. 

In one anbodiment, donor cells subjected to in vitro biological conditioning 
^ntaneously contract or beat. 

Compositipn?. Dasapfts and Routes nf AHmmict ration of th^. n»nnr r.n. 

Compositions of the invention comprise donor cells, including cells fiom 
diflferent sources, and optionally agents that enhance donor cell engraftment. survival, 
proliferation and/or differentialiQn, enhance cardiac function or stimulate 
angiogenesis. -"le cells to be administered may be a population ofindividual cells or 
ceDs grown in cuhuie so as to form a two dimensional or three dimensional structure. 
Hie number of cells to be administeied will be an amount which results in a beneficial 
effect to the iecq>ient For example, from 10^ to lO'", e.g.. fiom 10^ to 10^ 10^ to 10«, 
orlO* to 10'. cells can be administered to. e.g.. injected, the region of interest, for 
iiBrtance. infected and tissuesuiroimdinginfirc^ Agents which may enhance 
cardiac fimction or stimulate angiogenesis inctode but are not limited to pyruvate. 
catedK)laminestimulatingagent8.fibrobla8t8rowlhfector.e.g^^^ ' 
growth fector. acidic fibroblast growth fidor, fibroblast growfli fictor-4 and fibroblast 
growth &ctor-5, qndeimal growth fector. platelet-derived growth fector. vascular 
endothelial growth fector (eg, VEGF,^,. VEGF,45. VEGF,«. VEGF,« or VEGF206). 
tissue growthfectors and the like. Such agents may optionally be present in the 
conq>ositiQns of the invoition or administeml sqwrately. 

The cells are administered duripg a prophylactic, diagnostic or therapeutic 
mcularprocedureoraninvasiveorminimallyinvasivesurgical procedure. In one 
embodiment, thecells are adnunistoedpost-myocaidialinfeiction. wilimi hours, e g. 
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1 to 12 hours, to days, e.g., 1 to 2 days, and up to one or more weeks after myocardial 
infarction. Preferably, the administration of donor cells is prior to scar formation. The 
cells may be administered intravoiously, transvenously, intramyocardially or by any 
other convenient route, and delivered by a needle, catheter, e.g., a catheter which 
5 includes an injection needle or infusion port, or other suitable device. Some 
exemplary delivery apparatus and methods include, but are not limited to, the 
teachings provided herein. 

In one embodiment, once administered, the donor cells develop functional 
connections with adjacrat cells, membrane channels with adjacent cells, including 
10 viable cells in the recipient, and, if not already differentiated, differentiate to 
myocardial cells. 

Example of Electrical Therapy of Cardiac Tissue 

Following cell therapy, the idmtified region of tissue to be treated is subjected 

15 to electrical ther^y at 150. In flie exBxaplG of cardiac tissue, electric currrat is 

imposed across or adjacent to the damaged tissue. In one ^bodiment a pacemaker 
with implanted catheter leads is employed to provide the appropriate pacing 
stimulation to flie identified region of tissue. In varjdng embodimCTts, one or more 
electrodes s^e to apply an electric field over portions of the identified tissue regioa 

20 In implanted pacemaker a{qilications fhe pacemaker housing may serve as an 
electrode. 

In one embodiment, the pacemak^ is programmed to p eiform VDD pacing 
using an atriovoitricular delay which is relatively short when con^ared to the intrinsic 
atrioventricular interval. Id such embodimrats, tfie electrical pace wavefix)nt is near 

25 the infan?ted region very earfyin the cardiac cycle so as to electiophya^^ 

c^ture and noechanicaUyuiiload the identified region with the pad The 
VDD mode of tfie pacemaker allows the heart to maintain a rate near to that of a 
normal sinus rhythm, providmg betto" control of the activation patt^ the ventricles 
are pre-excited without advancing the pacing rate mmecessarily. In this way, the 

30 dqwlarization wavefi^ont fijses with the paced complex, resulting in the most intrinsic 
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activation of the ventricles, yet providing for the pre-excitement of the damaged tissue 
region. In another embodiment, the paceioaker is piograinmed to perform 
pacing using an atrioventricular delay which is relatively short v/h&i compared to the 
intrinsic atrioventricular int^al (measured when at least the ventricular beat is 
5 intrinsic). The DDD mode of the pacemaker forces the heart to beat in a nonnal or 
desired rate when the heart fails to maintain the normal sinus rhythm. The VDD and 
DDD modes each includes a biventricular version where both the right vaitricle (RV) 
and the left ventricle (LV) are paced, at same or different atrioventricular delays* 
Other pacing modes are possible, and those provided h^ are not intended in an 
10 exhaustive or exclusive sense. 

In varying embodiments and combinations, the electrical therapy includes 
different programming modes for use with a particular cell therapy. In one 
embodiment, electrical therapy is invoked during periods of relative inactivity such as 
are common during nocturnal sleep to condition the cardiac tissue and improve cell 

15 engraftment In one embodiment, electrical ther^y is invoked based on physical 
activity of the patient during which heart wall stress is reduced via electrical pre- 
excitation. Such physical activity may be measured by detection of accelerometer 
data. In one mibodiment, flie electrical ther^y is invoked for certain times of day or 
during spedfically programmed, recurring patterns of intrinsic (M beats) and paced 

20 beats (N beats) in a ratio of MO^. 3b embodim^its featuring programmable 
microprocessors, the time of day is downloaded to the microprocessor upon 
programming and therapy is piogrammably selectable. In varying embodiments and 
combinations, electrical thar^y is delivered upon preselected sensor mputs. For 
example, electrical flier^y is invoked (continuous or M :N patterns) iqK>n detected 

25 patient activity. In one embodimot, electrical tibo^y is invoked upon detection of 
patient stress, b one embodfanent, electrical ther^y is invdced upon detection of 
patient metabolic hi^ stress in the heart, such as in sleep, where ventricles are 
distended and filling b^er. In one embodiment internal pressure is measured to 
detomine local stress. Dififerent sensors inay be enq)loyed to detenninecoiiditiozis for 

30 delivery of electrical therapy. 
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Additional programming modes are contemplated by die present description. 
For example, in one embodiment a variable programming mode incorporates 
traditional electrical pacing interspersed with specialized ceU therapy pacing cycles. 
In one embodiment, such pacing is used to provide con:q)lanentary pacing therapies to 
5 a patient's heart to provide multiple benefits. In one embodiment, the varying pacing 
is applied using a duty-cycle approach. For example, a ratio of pacing of a first type to 
a pacing of a second type is programmed into the implantable device to provide a 
plurality of pacing therapies to a patient. This provides a new pacing mode where the 
programmability of duty cycle affords electrical iherapy that complonents at least one 
1 0 otiier pacing therapy and the admim'stered cell therapy. 

Another pacing variation provides a dynamically changing atrioventricular 
delay. In one exanplary embodimait, an atrioventricxilar delay is increased over a 
predetermined time period For one example, an atrioventricular delay is lengthened 
by approximately one (1) millisecond each day over a predetermined time, such as 
1 S three (3) months. In one embodiment^ the atrioventricular delay is lengthened by 10 
millisecondis over a predetmained amount of time, such as 2 months. In such 
CTbodiments, incremental increase in atrioventricular delay results in progressively 
loading a cardiac region, based on location of die electrodes. Similar but opposite 
effects might be obtained by progressively shorteoing the atrioventricular delay. 
20 Certain areas of the myocardium might be progressively unloaded, resulting in desired 
phj^typical changes at the chamb^, tissue and ceU levels. 

Other embodim^xts and combinations are possible without departing from the 
scope of the present ther^y syst^. The forcing examples are mtended to 
demonstrate some varying embodim^its of fte preset tbors^y system, and are not 
25 intended in an exclusive or exhaustive sense. 

In one embodiment, the pacing lead is positioned as close as possible to the site 
of ^graftmmt Positioning is performed using electrophysiology (e.g., ECG), 
ecbocardiographic moping, or calh^er based voltage mq>ping of the heart. Other 
location methods are possible without departing from the scope of the present 
30 teadungs. 
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Lead placement is possible using q)icardial leads implaiited with minimal 
thorocotomy. and/or catheter leads. Ti^almeat of the left ventricular region is possible 
uiang leads positioned in the coronary venous stractures. 

It is miderstood that a plurality of infaicted tissue regions may be treated using 
5 multiple ceU and electrical therapy treatments. 

Non-human animal models. e.g., rodent, lapine. canine or swine models, may 
be employed to determine pacing and ceUular parameters useful to inhibit or treat a 
particular indication or condition. See. e.g.. Jain et al.. supra; Suzuki et aL, supra; 
Pouleur et al.. E^U.^^^^ ^ 33, ^ggj). jj^^^ j. gin. Res. ^ 
10 2644 (1993); Taylor et al.. Proc. Assoc. Am. m 245 (1997); and Roth et al J 
2L 939 (1993)). For an animal model of myocardial infarction, efficacious"^ 
pacmg and ceU thmpy resuks in hnprovement in cardiac function. e.g.. increased 
maximum exercise capacity, contractile performance, and propagation velocity, 
decreased deleterious remodeling, decreased post-scar expansion, decreased aplptosis 
15 mcreased angiogenesis. and increased donor cell engraftment, survival, proliferation, 
and fimction. Donor cell fimction can be detemiined using biochemical markers. e.g.. 
myotube formation in grafted donor cells, the presence and/or levels of a-actinin. titin. 

myomeain. sarcomeric myosinheavy chain, a-actin and the like, and gap junction 
Pioteins (see Pimenlel et al.. Circulation Res. 90. 671 (2002)), as well as by 

iO J^veme,«singlobalandregionalcardiacfunctioninrecipientsofdonorceUs.lh 
« vivo models. systoKc and diastolic pressure-volmne relations can be used to 
detennine the efficacy of a particular therapy. 



25 



Example CsrAisw. R« Ktion Vf anap^ent DeviVA 

FIG. 3 shows apacemaker performing the electrical ther^y described h^ein. 
As used herem. the tenn pacemaker should be taken to mean any cardiac rhythm 
managem«it device for pacing the heart and includes implantable pacemakers, 
«temal pacemak«s. and in^fantable cardiac defibrillator/converte.^ having a pacing 
ftnctionaKty. A block diagram ofa cardiac pacemaker having two ventricular pacing 
30 cl^elsisdK>wninnG.3.Microprocess.^310commmucateswiflram«^^ 
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via a bidirectional data bus. M varying embodiments memory 312 comprises a ROM 
or RAM for program storage and a RAM for data storage. In one etnbodimeat, the 
control unit includes dedicated circuitry either instead o^ or in addition to, the 
programmed microprocessor for controlling the op^ation of the device. In one 
5 embodiment, the pacemaker en3ploys a programmable microprocessor to implement 
the logic and timing fimctions for op«:ating the pacemaker in accordance with a 
specified pacing mode and pacing parameters as well as for performing the data 
acquisition functions. A tel^etry interface 340 is also provided for communicating 
with an external programmer. Such an external programme may be used to change 
10 the pacing mode, adjust operating parameters, receive data stored by the device, and 
issue commands that affect the operation of the pacemak^. Such an inter&ce also 
provides communications with advanced patient managemoit devices, such as 
portable computers, PDA's, and oihcar wireless devices as described herein and 
provided by the documents incozpoiated heieizL 

15 In onbodiments incorporating physical motion detection for application of 

thei^y the pacemako- includes s^isors to detect exercise. For exan^le, 
accelorometers and nunute ventilation seosois may be incorporated for tfiese purposes. 
Some embodimezits may incorporate time of day for implication of theiiqiy. Such 
.^bodiments may include timing modules and may update diCTi using information 

20 fiom a programmer or other wireless device. 

The pacemaker has atrial s^osmg^stimulation channels conq)rising electrode 
334, lead 333, sensmg amplifier/filter 331, pulse generator 332, and an atrial channel 
int^ace 330 which communicates bidirectionally with a port of microprocessor 10. 
The device also has two ventricular soisin^stimulation channels that include 

25 electrodes 324A-B, leads 323A-B, sensing anq>lifi^ 321 A-B, pulse generators 322A- 
B, and ventricular channel interfaces 320A'-B where "'A** designates one ventricular 
channel and ''B'* designates the other. For each channel, the same lead and electrode 
are used for both sensing (i.e., detecting P-waves and R-waves) and sthnulation. The 
ventricular electrodes could be disposed in each of the ventricles for bivoitricular 

30 pacing or in only one vmtricle for multi- site pacing of that ventricle. The channel 
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interfeces 320A-B and 330 include analog-tcnhgital converters for digitizing sensing 
signal inptats from the sensing amplifiers and registers which can be iwitten to by the 
microprocessor in order to output stimulation pulses, change the stonulation pulse 
amplitude, and adjust the gain and threshold values for the sensing amplifiers. After 
digitization of the sensed signals by the chamiel interfaces, the signal samples can be 
processed in the digital domain by algorithms executed by fte micropmcessor in onier 
perform fiirther filtering. The detection of R wave and P wave peaks for timing 
purposes can also be performed digitally. Alternatively, a standard peak detection 
circuit could be used. 

In one embodiment, the lead system includes endocardial leads, although other 
types of leads, such as q)icardial leads, could also be used within the scope of the 
present teachings. ^ one embodiment, a first ventricular lead system is adapted for 
placement m afirst cardiac region of the heart. In one example, the first cardiac 
region ofthe heart is within the coronary sinus and/or the great cardiac vein of the 
heaitadjacenttolheleftventricle. one embodiment, the first lead system includes a 
nomberofelectrodesandelectricalcontacts. A tip electmde is located at. or near, the 
distal end of the first lead system, and comjccts electrically to terminal through a 
conduitorprovidedwithinthefirstleadsystem. The first lead system also includes a 
proximalelectrodewhichisqjacedproximal the tip electrode. In one embodiment, 
the proximal efcctrode is spaced proximal the tip electrode for placement adjacent to 
the left ventricle ofthe heart Hie proximal electrode is electricafiycomiected to 
terminalthroughanintemalconduclorwilhinthefirstleadq^iem. TTieproximal 

electrode can be of either an amiularorascmi-ammlar construction, encircling or 
seuM-^ndrcling the peripheral surface of the first lead system. 

Thepacemaker fiirther inctodes a second ventricular lead system. In one 

embodiment, the second lead system is an endocardial lead, although other t«^ 
leads, such as epicardial leads, could be used within the scope of the present teachings. 

lie second ventricular lead q«rtem is adapted fi>rplacem«itwithinase«^^ 
region ofthe heart Ii» one exanqile. the second cardiac region ofthe heart is the li^ 
vemncleoftheheait In one mbodhnent. the second lead system inctodes a number 
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of electixxles and electrical contacts. For example, in one embodiment, a tip electrode 
is located at, or near, the distal end of the second lead system, and connects 
electrically through a conductor provided in the lead, for connection to terminal. The 
second lead system fiirtfier optionally includes a first defibrillation coil electrode 
5 spaced proximal to the distal end for placement in the right ventricle. The firet 
defibrillation coil electrode is electrically connected to both terminals and through 
internal conductors within the body of the second lead system. The second lead 
system also optionally includes a second defibrillation coil electrode, which is spaced 
apart and pfroximal fi:om the distal end of the second lead system such diat the second 
1 0 defibrillation coil electrode is positioned within the right atrium or major vein leading 
to the right atrium of the heart The second defibrillation coil electrode is electrically 
connected to tenninal through an mtemal conductor within the body of the second lead 
system. 

la varying embodiments, the system includes multiple atrial electrodes and 
1 5 optionally includes the defibrillation components. The configuration and placanent of 
electrodes may vary without departing fiom the scope of the present teachings. 

In one embodiment, the pacemak^ is a programmable microprocessor-based 
system, wifli a microprocessor and memory, which contains parameters for various 
pacing and 5^:ising modes. Pacmg modes include, but are not limited to, normal 
20 pacing, overdrive or burst pacing, and pacing for prevention of vmtricular 

tachyarrhythmias. The syst^ also includes means for adjusting airiovmtricular 
delay. The nuax>processorfiirfber includes means £>rconuxiunic^ 
controUer.inOefonnofanRFrecdv^/transinitter. This includes an antenna, 
wherd)y it may receive and transmit signals to and fiom an extenial controller. In this 
25 niann^, programming comniands or instructions can be transferred to the 

microprocessor after implant hi one embodiment operating data is stxmd in memory 
during opaatioa Hiis data may be fcransfOTed to the external controlla- for medical 
analysis. 

In one embodiment, pacing pulses are con&oUed by the microprocessor to 
30 cany out a coordinated pacmg scheme at the two ventricular pacmg locations. Pacing 
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fcr He m tht «at tta, „^ peeing s>«a„ to faU. 

'^«°»i»«"*<^<ico»pWbymatrialI«dtoal,ea«fi,rr«eivi.. 

atnal heart contractions. 

20 tachyanfaythmias. 

unde.coodtl^theteachings„.ybe„soiwithdevicesafl.«r^ 
^entdevices. ll^e teachings also appKcable to no»^am^ 

25 ^^P-^^ap^tectherusesa^Ivan-atio^ 

FIG. 4 shows one exan^ie of administiation of ccU th«n^y and electrical 
A^pytoaregionofcardiactissuesubiecttomyocardialiB^^ n.eheart4Q2 
-lud«aleftven«c.e404wlu<*l«stis««i„ju«dbya.y^ 
affect«dreg„>„400. Affected «gian 400 is determined by methods iiu^Iud^ 
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described herein. Cell therapy 406 is preferably administered in close proximity to, 
e.g., transv^ously, transarterially, intramyocardially or in adjacent non-infarcted 
tissue, and/or directly to the affected region 400 and electrical therapy is apphed using 
a programmable pulse generator 408 and lead 410. 
5 The electrical therapy includes pacing in vivo preferably near infracted or 

hybemating myocardium and including sites targeted for cell therapy to ^ihance the 
engraftment, survival, proUferation, and/or function, and optionally the differentiation, 
of the cells. The pacing may be applied to lessen local stress and strain that might 
otherwise iuhibit the successful engraftment of donor cells including the successful 
1 0 formation of g£^ junctions between donor cells and noninfarcted recipient myocardial 
cells. Such th^r^y thus affects both mecfaamcal and electrical connections to 
neighboring cells of the native myocardium. In particular, pacing at or near such sites 
may chance development of new gap junctions whidi may be needed for 
coordmating &e fimction of the donor cells with that of the native myocardium. The 
1 5 ther^y also operates to control metabolic demands at the site of targeted cell ther^y 
to increase donor cell viability. Another benefit is that electrical stimulation of 
myocytes promotes release of factors diat encourage angiograesis. In one 
embodiment, electrical ther^y improves Xb^ local environment in damaged cardiac 
tissue, e.g., by improving pun^i eiOSciency, oxygen consumption, and/or mechanical 
20 synchrony, deceasing metaboUc load and/or stress, and/or reorienting stress-strain 
patterns. In one embodhnent, preconditioning of cells cultured ih W/n?, e.g^^ 
dmgs or other chemical agents, and/or transgene expression, and/or electrical 
stimulation aiKi/or mechanical stimulation, may b^fit in vivo engraftment, survival, 
prolifi»ation, diff^entiation and/or fimctioning of the cells. 
25 In vtvo left ventricle pacing controls local stress by managing atriovoitricular 

delay, RV-LV o£^ (e.g., s^lying an intm^entricular delay b^een RV and LV 
pacing pulse deliveries, or two indq>endeQt atrioventricular delays for RV and LV 
pacing pulse deliveries), stimulation site alt^ation, heart rate, and pacing waveform 
parameters. The LV stimulus also promotes donor cell engrafhnent, survival. 
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proHferation, differentiadon and/or fonctioning invivoaadis controllable based on 
pacing wavefonn, rate, and site. 

In one embodiment, the pacemakCT is programmed to peifimn VDD pacing 
using an atrioventricular delay which is relatively short when compared to the intrinsic 
alrioventricuhn- interval In another embodiment, the pacemaker is programmed to 
perform DDD pacing using an atrioventricular delay which is relatively short when 
compared to the intrinsic atrioventricular interval (measured when at least the 
ventricular beat is intrinsic). Other electrical therapies are possible given the teachings 
herein. For example, it is possible that the affected region is pre-treated to strengthen 
the region before injection of ceU therapy. Upon reading and understanding the 
teachings provided herein, those skilled in the art will understand other electrical 
therapies are possible without departing from the scope of the present teachings. 

FIG. 5A is a schematic drawing iUustratmg, by way of example, but not by 
way of limitation, one embodiment of portions of a cardiac rhythm management 
system 500 and an environment in wWch it is used. System 500 includes an 
implantable cardiac rhythm management device 505. also referred to as an electronics 
unit, which is coupled by an intravascular endocardial lead 510, or other lead, to a 
heart 515 of patient 520. finplantable cardiac riiythm management device 505 
inchides apacemaker. System 500 also inchides an external programmer 525 
providing wireless communication with implantable cardiac rhyflim management 
device 505 using a telanetty device 530. Lead 510 inchides a proximal end 535, 
which is coupled to hnplantabfe cardiac Aythm management device 505. and a distal 
end540,'«*ichi8coupledtooneormoreportionsofheart515. AlthoughHG. 5A 
shows ahmnan with an implanted cardiac ihytbm management device, it is understood 

that the teachings may be used with devices other than cardiac rhythm management 
devices. The feadiings are also q^Bcable to non-mammalian heart ther^ies. Those 
skilled in the art, upon reading and understanding the present description, shall 
appredate other uses and variations within the scope of the preset teadiings. 

HO. 5B is a diagram showing a wireless device in communications with an 
implanted device for management of Ae implanted device and ther^y according to 
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one ^bodiment of the present invention. In one embodiment, wireless device 555 is 
used to conduct communications with implantable cardiac ibythm management device 
505. In one appUcation, wireless device 555 is a personal digital assistant (PDA). In 
one embodim^t, wireless device 555 is a computer with wireless intarfece. In one 
5 embodiment, wireless device 555 is a cellular phone. The communications between 
implantable cardiac rhythm management device 505 and wireless device 555 can be 
used for coordinating operations and therapies of the pacemaker and/or to 
communicate device operations and physiological data to anotiio- site in 
communications with the wireless device 555. Fia 5C shows one ex&mple of 

10 communications where a netwoik 565 is in contact with wireless de\dce 555. The 
connection betwem wireless device 555 and network 565 can be either wired or 
wireless. In one embodimait, netwoik 565 is the Intem^ Rranote ferility 575 is a 
medical facility or location which a doctor or health care provider can access data 
fiom implantable cardiac rhythm management device 505. Alternatively, data and/or 

1 5 mstractions can be transmitted fiom the remote fecility 575 to the wireless device 555 
and/or the in5)lantable cardiac rhythm maiiagonent device 505, AltOTiatively, 
instructions and data can be transferred bidirecdonally between the rmote facility, 
wireless device, and/or inq>lantable cardiac rhyflmi manag^CTt device 505. 

The netwodc is a communication syston that interconnects a number of 

20 coiiq)uter pnxessing units vAim those units are some distance away 6om one another, 
but within fte same ctMitiguous pn^eity to allow private communications fecilities to 
beinstalled. The network may also include the fecility to aUow multiple compute 
processors to communicate with ^h other when some or all of those processors are 
within the same enclosure and coimected by a common back plane. 

25 Connections wifli a remote fecility and wireless device are useful for advanced 

patient mana^ent Some exemplary ^paratus and methods for patiaitmanagan«it 
include, but are not hmited to, the teachings provided in the patent application ^titled: 
Method and Appzratjas for Establishing Context Among Events and Optimiidng 
Implanted Medical Device Performance, U.S. Sor. No. 10/093353 ffled March 6, 

30 2002, whidh is incorporated by reference in its entirety. 
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Exantplft of fa Vhro Cell Tr^i ^eat Etev.r.« 

HG. 6A shows a block diagram of a cell treatment device 600 perfomnng the 
m vitro conditioning (stimulation) described above. Cell treatment device 600 
5 >«^I"«^fe»ctionalmodulestreatingto^ 

dectncal. mcdianical, and biological stimuli. Donor cells are placed in a culturing 
moduleeiOcontainingacuIturingmedium. A cardiac electrical stimulator 620 a 
myocanliai stress simulator 630. and a biological treatment administration mod^ile 640 
are comiected to culturing module 610 to aUow delivery of the stimuli to the donor 
10 cells. Amonitor650ptovidesmeansforobservingthedonorcellsinculturing 
module 610. A controller 660 is connected to cardiac electrical stimulator 620 
myocardial stress simulator 630. and biological treatment administration module 640 
to control the tuning and magnitude for the dehveiy of the electrical, mechanical, 
and/or biological stimuli. A memory circuit 670 compacted to controller 660 provides 
15 ««e*««»forstoringinstr«ction8forananlomatedprocessof/„«^^ 

donorcells. A user mterface 680 allow a user to control and monitor the progress of 
iS^ in vitro conditionii^ nO. 6B shows additional details of portions of cell 
treatment device 600. 

Culturing modrfe 6 1 0 includes a container to host the donor cells and the 
0 <'«»t^n>edium.fconeembodimenl.don6rcelb611arepl^ 

snbs«rate615incult«ir«module610. Catering substrate 615 is defomiable in two 
ormoreditectionsandcanbecyclicanystrelchedandrelaxed. In one embodiment. 
•Jultmmgsubstrateisastripmadeofsilicone. When cutering substrate 615 is 
stretched and rebxedintwo or more directions, donor cells are sirctdied and relaxed 
• ^«*»»*-J^«^embodiment.c„teringmodnle610inchideamixer616forcr^ 
andmaintaimngahomogeneousculturingmedium. M one embodiment, the culturing 
medium inchides chemical and/or biochemical agents introduced as biological 
stmmlantsduringthebiologicalconditiouinfr When being turned on. mixer 616 
shakes and/or stirs the culturing medmm. 
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Cardiac electrical stimulator 620 provides for the in vitro electrical 
conditioning of donor cells, as described in this document Cardiac electrical 
stimulator 620 creates cardiac electrical conditions in the culturing medium, and thus 
exposes donor cells 61 1 to such conditions. The cardiac electrical conditions simulate 
5 the electrical conditions in the myocardium which result in contraction of the heart. In 
one embodiment, cardiac electrical stimulator 620 includes an electrical pulse 
generator 622 and an electrical field g^erator 624. Two electrodes 623 A and 623B 
connected to puke generator 622 are disposed in flie culturing medium to allow 
delivery of electrical energy in a form of current or voltage pulses to donor cells 611. 
10 Two electrodes 625A and 625B connected to field generator 624 are disposed in the 
culturing medium to create an electrical field across donor cells 61 1 . In one 
embodiment, electrodes 623A and 625A are ph>^ically integrated, and electrodes 
623B and 625B are physically integrated. Delivery of the electrical energy activates 
donor cells 61 1, causing th^i to contract like cardiac muscle cells in the myocardium. 
15 In one embodiment, pulse generator 622 is a pacemaker. Field generator 624 includes 
a do voltage generator that creates an electrical field by applying a voltage over a 
known distance between electrodes 625 A and 625B. 

Myocardial stress simulator 630 provides for the in vitro mechanical 
conditioning of donor cells, as described above in this document Myocardial stress 
20 simulator 630 ojeates a mechanical stress upon donor cells 61 1. Hie mechanical stress 
simulates the tension ^lied upon cardiac muscle cells in die myocardium. The 
tension results from mechanical f<»ces created by the cyclical changes in heart volume 
and intracardiac blood pressure. In one embodiment, myocardial stress simulator 630 
includes a variable speed motor 632 and a mechanical linkage 634. Medianical 
25 linkage 634 provides for the inter&ce betwera motor 632 and cultaring substrate 615 
allowing a controlled motion of motor 632 to create a calibrated cyclic mechanical 
tension on culturing substrate 615. In one embodiment, mechanical linkage 634 
allows the culturing substrate 615 to be cyclically stretched and relaxed in two or more 
directions without vibration and hesitation. As described above, one example of such 
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a mechanical stimulator is given in Teiracio et al, la Vilro Celhilgr & Develop me^fai 
Biology. 24fn. 53-58, 1988. 

Biological treatment administration module 640 provides for the in vitro 
biological conditioning of the donor cells, as described above in this document 
5 Biological treabnait administration module 640 introduces exogenous agents to the 
cutairingmediuin, causing one or more biological reactions in the donor cells, and 
hence one or more changes in the biological properties of the donor cells. In one 
wnbodiment, biological treatment administi^on module 640 inchides one or more 
chemical dispenser(s) 642 to allow contoioned release of one or more chemical or 
10 biochwnicalagaits into the culturing medium. In one embodiment, biological 

treatment administration module 640 includes an array of dispensers each controDed 
fia releasing apredettamined amount of chonical or biochonical agenl(s) into the 
culturing medium at one or more predetotmined times. 

User interfece 680 includes a user hqjut device to accq)t commands from ttie 
15 user and a presentation device to infomi the user of the status and the progress of the 
in vitro conditioning. In om onbodimen^ the user iapux device inchides a keyboard. 
The presentation device inchides a diqjlay screen, in anothw embodiment, the 
presentation device includes aprintcr. In yet another embodiment, at least portions of 
the user input device and the presentation devices are integrated as an interactive 
20 soeen. 

fa one embodiment, mwiitor 650 includes a miooscope aimed at donor cells 
61 1 on substrate 615 and connected to controller 660. Controller 660 processes the 
image of donor ceU 611 or aportion of it and present the image through us» interface 

680. fa one embodiment, the image ofdonor cells are displayed on the display screen 
25 of user inter&ce 680. 

ControUer 660 controls Ae magmtode (or intensity) of each of flie electrical, 
mecAamcal, and biological stimuli and coordinates the timing for deKveiing those 
stimuU. The magnitude of the elecbical stimulatioii includes, but is not limited to, a 
pacmg voltage and a pacingpulse width. The magnitude of the mechanical 
stimulation includes, but is not limited to. a frequency and a degree of donor cell 
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deformation such as an extension of cell length by a predetermined percentage of the 
original cell length. The magnitude of the biological stimulation includes, but is not 
limited to, a volume and a concentration of each chemical and/or biochemical agent 
The timing includes, but is not limited to, starting times and durations that control the 
dehveries of all the electrical, mechanical, and/or biological stimuli in a predetemiined 
sequence of stimulation, i.e., the complete in vitro conditioning. In one embodiment, a 
user controls the complete in vitro conditioning process, or portions of the process, by 
entering parameters defining the magnitude and timing of each stimulus and giving a 
command to dehver one stimulus or one sequence of stimuli through user interface 
680. In another embodiment, an instruction set defining a predetennined sequence of 
electrical, mechanical, and/or biological stimuli, including the required magnitude and 
timing, is stored in memory circuit 670. Controller 660 controls cardiac electrical 
stimulator 620, myocardial stress simulator 630, and biological treatment 
administration module 640 by automatically executing the instruction set In a further 
embodiment, controller 660 allows the user to adjust parameters in the instruction set 
during the in vitro conditioning in response to cell reactions observed through monitor 
650. 

Combmed Cell and Electrical Therapy Example 
20 in one embodimenty skeletal muscle cells are obtained fix>m a patimt who 

recently, e.g,, wifliin flie previous 1 to 7 days, suffered a myocardial infirction. Tlie 
skel^ muscle cells are cultured and conditioned in vitro, e.g., so as to expand the 
population^ or may be employed in the absence of cultuiing and ccmditioning. Prior to 
cell therapy, the damaged tissue in the patient is located by convoitional means, e.g., 
25 an electrocardiogram or MRL The autologous donor skeletal muscle cells, prior to 
administration to the damaged tissue, may be optionally subjected to washing to 
remove iK>n-cellular components, i.e., conqK)n»ts which are not intact cells including 
components in tissue culture media, and introduced to the damaged tissue in a 
physiologically compatible carrier (vehicle), e.g, an aqueous, semi-solid or solid 
30 vehicle. In one embodiment, i5>proximately 10^ to lO'*^ donor skeletal muscle cells 
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are administered via a catheter, which includes an injectioii needle, phiraKty of 
needles, or infusion port, positioned at or near the damaged tissue. A bioconqiatible 
(e.g., biodegradable) marlcCT may be administered with the skeletal muscle cells so as 
to monitor the site(s) of administration of the donor cells and, optionally, later identify 
5 the treated region. Once administered, the donor ceUs develop fimctional connections 
with adjacent viable cells, and membrane channels with adjacent viable cells. 

fii one embodiment, the area including the damaged tissue and donor cells in 
the patient are then subjected to electric conditioning, such as pacing-level electrical 
stimulation, using a pulse gaierator with properly positioned electrodes, which in 
10 combination with cell ther^y results in an improvement in global and regional cardiac 
function in the patient A pacing regimen is provided where the pacemaker is 
programmed to perform VDD pacing using an atrioventricular delay which is 
relatively short wh«i compared to the intrinsic atrioventricular interval. 

IS IhGener^^ 

AW»ugJi fbe present ther^ is dwcribed in the csmoplc of caidiac ther^y, it 
is undentood Ibat many other appUcations are possible. Such teachings may be 
^Ued to M and in WW treatment of other organs and blood vessel gro^ 

It is to be understood that flie above descrq»tion is intaided to be iltastrative, 
20 and not restrictive. OtheranbodimsDtswillbeqjpaienttoflioseofddllintheart 
upon reviewing and understanding the above descii5)tian. The scope of the invention 
shouM, therefore, be detennined wifli reference to the (qipeoded daims, along with the 
full so^ of equivalents to which such claims are entitled. 



60 



wo 2oa4/05om 



PCTAJS2003/038085 



What is Claimed is: 

1 . A system for electrical tiierapy of cardiac tissue of a heart, at least a portion 
of the cardiac tissue administered with exogenous cells in a cell therapy^ the system 
5 comprising: 

one or more catheter leads with electrodes; and 
a pulse generator including: 

an interface for connection to the one or more catheter leads, a 
controUa- programmable for a plurality of pulse delivery modes, and a sense 
10 amplifier for saising electrical signals from the one or more catheter leads, 

wherein the pulse generator inchides a selectable pacing mode for providing 
tiioiapeutic electrical stimulation to pre-excite the at least the portion of the 
cardiac tissue administmd with exogenous cells in the cell therapy. 

15 2. The syst^ according to claim 1, wherein the fiio^eutic electrical 

stimulation includes a VDD pacing mode having an atrioventricular delay which is 
short compared to an intrinsic atrioventricular delay of the heart 

3. The system according to claim 1, wherein the theitqpeutic electrical 

20 stimulation includes a DDD pacing mode having an atrioventricular delay which is 
short conq>ared to an intrinsic atrioventricular delay of the heart 

4. The system according to any of claims 2 and 3, whmin the atrioventricular 
delay is varied gradually ov^ time. 

25 

5. The system according to any of fiie preceding claims, vAerein the 
therapeutic electrical stunulaticm is provided at times betwera additional pacing and 
defibrillation therapies. 

30 6. The system acconling to any of the preceding claixQs^vtdbereinth^ 
ther^eutic electrical stimulaticm is progratamable for certain times of day. 
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^ Jb«;^-nacconlmgtocIai.6,whe..inthetfaer^^ 
stunulabon is piogranunable for periods of relative inactivity. 

J^^accordingtoclaim7.whereintbethen«,euti^ 
stimulation isprogtananable for sleep times. 

9. ^«3«ten>acconlingtoanyofclaimsl-5.whemntheth^^ 
electncal stimttlation is piog^mmabie for certain levels of stress. 

electncal stm,«Iat,on is piogrammable for certain levels of activity. 

15 wherein accderametw data is used to /W«r«i„- i. 

stimulation. "°^^**«^«-^t°^lytl-rapeutic electrical 
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^^accordingtoanyof.tep^gelaim3.wliereinthe 
flia^eutic electrical stimulation is invoked by ; 



'a programmer. 



13. 



Ihe system according to any of tte pr««ii„g eiaixns. wlK«^ 



isus«it«H^««> ^ ^"'•'^^"'^SC'ams.whereinleadlocation 

IS used to det^mme typos of therapeutic electrical stimulation. 

25 ™--ieadscompriscanatriallead.aiirstven.ri^ 
^l^eachinchidingoneormoreeleotrodesfo^ 
thetherapeuticelectricalstimulationands^singcanliac 

30 , '*^'^"'"°"^^^*^^^^•-^«-i^thetiler^uticelectri^ 

^ulationmcludesabiventricularpa.^mo^ 
and a second atiioventricular delay. 
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1 6. The system according to claim 14, wherein the tberapeutic electrical 
stimulation includes a bivoitricular pacing mode having an atrioventricular delay 
and an interv^itricular delay. 

5 

17. A method for oihandng cell ther^y of cardiac tissue, the mettiod 
conq>rising: 

applying electrical ther^y using an implantable pulse generator to cardiac 
tissue administered with exogenous cell therapy conqmsing donor cells, 
1 0 wherein the electrical therapy Kihances one or more of aigraftment, 

survival, prolif^ation, differraitiation or function of the donor cells. 

18. The method according to claim 17, wherdn the electrical dierapy is a pacing 

15 

19. The method according to claim 18, wherein the pacing therapy includes 
VDD-mode pacing with an atrioventricular delay which is relatively short compared 
to an intrinsic atriov^tricular interval 

20 20. The method according to claim 18, wherein the pacing ther^y includes 

DDD-mode pacing with an atrioventricular delay which is relatively short compared 
to an intrinsic atrioventricular interval. 

21. The method according to any of claims 1 9 and 20, wherein the 
25 atrioventricular delay is varied gradually over time. 

22. The method according to any of claims 18-21, wherein die pacing therapy 
includes biventricular pacing with a first atrioventricular delay and a second 
atrioventricular delay. 

30 



63 



WO2004/050ia0 

PCTAJ$2003/038085 



23. 'n»n»etb(xlaccordmgtoany of clahns 18-21, wherein 
includes bhreirtricalar pacing with an atrioventricular delay 



die 



pacing ther^y 



delay. -""*—'^'''^«'°»««^''«lay and an interventricular 

5 24 Then^accordingtoanyofclain^s 17-23, ^ereinthedonorcells 
include autologous cells. 



10 



30. The method J 



'acc«dingtoanyofclain«,28and29,wheremthedc«orceIb 

25 



31- '*;"«^»«»««»S<»»y.fcl«m.27-30.»h=«„«,4^„^ 
mechanicaUy stimulated. 



11 ^^-*«^--«iingtoanyofclain«.27-31.^ereinthedonor 



30 "»ed^<^ystin,ulatedbycycficaOydefom«ngthedo«,r 



cells are 



cells. 
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33. The method according to claim 32, wh^ein the donor cells are mechanically 
stimulated by stretching and relaxing the donor cells at a predeteraimed frequ^cy. 

34. The method according to any of claims 27 - 33, wherein the donor cells are 
5 biologically stimulated. 

35. The method according to claim 34, wherein the donor cells are biologically 
stimulated by releasing chemical or biochanical agents to the culturing medium, 

10 36. The method according to any of claims 17-35, wh^ein the electrical 
therapy is ^plied based on a level of activity. 

37. The method according to any of claims 17 - 35, \s4ierein the electrical 
ther^y is ^plied based on certain tunes of day. 

15 

38. The mdhod according to claim 37, wherein the electrical therapy is ^lied 
during periods of relative inactivity. 

39. The method according to claim 38, wheran the electrical therapy is ^Hed 
20 during sle^. 

40. The method according to any of claims 17-35, wherein the electrical 
a^sxapy is applied based on a level of stress. 

25 41. The method according to any ofclaims 17 -40, further compri^ 
administering an agent that enhances exogenous ceD engraflment, survival, 
proliferation, differratiation, or function. 

42. The mefliod according to any of claims 17-41, farfber con^irising 
30 administering an agent that enhances cardiac function. 
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43. The method acconling to any of claims 17-42. further comprising 
aJministering an agent that enhances angiogeoesis. 

44. The method according to any of clafans 17 -43. wherein applying the 
S <»"?»i^^PlyingtheelectricaItherapytoamammalsubj«^ 

. 45. An ^paratus, comprising: 

a calh^ inchiding an optical fiber; 

a vacinnn chamiel temiinating in a vacuum port at a distal end of the 
10 caflieter, 

letactablc needle means including one or more hoUow needles; and 
means for injectingmaterial through the retractable needle means. 

46. T'«apparatnsaccordmgtoclaim45.whereinacommonchannelisusedas 
15 th«vacu«mchamielandad««melforthe«ixactableneedlemeans. 

47. THe apparatus according to claim 45. wherein a first channel is used as the 

vacuum <*amrd and a second chamrel is used as a channel for the retrac^^^ 
means. 

20 

48. Tl»eapPanUusaccordingtoanyofcIaims45-47,wbereintherelractabte 
needle means inchides a needle anay. 

49. Theappanausacconli^gtoanyofcIaims45-48,whemnfliecatheter 
25 -1-^astyietcham.dfcrpositioningastyIet.and,*^ 

atitsdrstalendsoflurttl^caftetercanangleasafimctionofthepositionof 
Stylet 



50. An apparatus^ con^rising: 
30 a catheta- having a distal ttid; 
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a vacuum channel tetminating in a vacuum suction port at the distal end of 
the catheter; and 

one ormore iontqphoretic transfer electrodes at the distal end of the catheter. 

5 51. The apparatus according to claim 50, further comprising a drug reser^^ 
fhe distal end of the catheter. 

52. The ^paratus according to any of claims 50 and 5 1, wherein the catheter is 
dimensioned for transv^ious positioning of the distal end of the caflieter. 

10 

53. The ^paratus according to claim 52, wherein a diameter of the catheter is 
b^een 10 French to 24 French. 

54. An apparatus ad^ted for in vitro conditioning of cells prior to 

15 administration of the cells into tissue in a ceU tha^y, the ^aratns comprising: 
a culturing module to host the cells and a cultming medium; 
a cardiac electrical stimulator coupled to the culturing module^ 
a myocardial stress simulator coupled to the culturing module; 
a biological treatment administratiou module coupled to the culturing 

20 module; and 

a controUer coiq)led to the cardiac electrical stimulator, flie myocardial stress 
simulator, and the biological treatment administratiott module, flie controllw 
adapted to control a deliveiy of one or more stimuh ftom one or more of the cardiac 
electrical stimulator, the myocardial stress simulator, and the biological treatment 
25 administration module. 



55. The apparatus according to claim 54, further comprising two or more 
electrodes, connected to flie cardiac electrical stimulator and disposed in the 
culturing medium, to aHow delivery of at least one electrical stimulus to the cells. 

30 



67 



wo 2004/050180 



PCT/US2003/038085 



56. The appmtas according to any of claims 54 and 55. wherein the cardiac 
electrical stimulator comprises a pawanaker. 

57. The apparatus according to any of claims 54 - 56. wherein the cardiac 
5 electrical stimulator comprises an electric field generator. 

58. The apparatus according to any of claims 54 - 57. wherein the culturing 

module con«,risesadefom.abiec«lturing substrate allowing the cellstobeplated 
thereon. 



10 



59. The apparatus according to claim 58. wh«ein the defoimable cultming 
substrate is made of silicone. 



60. l^cWantusaccoidii,gtoanyofclaims54 - 59.whereinthemyocaxdial 
st««s smiulator comprises a variable speedmotor and amecham^^^ 
between thcvariablespeedmotorandthedeformableculturingsubstrate the 

vanablespeedmotor and the mechanical linkage adaptedtocreateacalibrated 
cychc mechanical tension upon the defoimable culturing substrate. 

20 61. ■n«aPParatusaccordingtoanyofcIaims54 - 60.wfaei^ 

treahnentadministrationmoduleconvrisesone or mo«. chemical disp^ 



toreleaseoneor more biological stimulation agents into the culturing 



medium. 



62. 



The apparatus according to any of claims 54-61. whereia the culturi^ 



25 -<>d^ecomprisesamixerad^tocreateandmaintainahomogeneousc^^^ 



medium. 



63. The^paratusaccordingtoanyofcUums54-62.furthercomprisingauser 

-terfaceconpledtothecon.rolte.a.eusermterfeceuK.h,dingausei^^ 
30 commands. 
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64. The apparatus according to any of claims 54 - 63, wherein the controUer 
comprises a memory circuit storing an instruction for an automated delivery of a 
sequence of one or more of electrical, mechanical, and biological stimuli, 

5 65. The apparatus according to any of claims 63 and 64, wharein the user 
interface comprises a display screen. 

66. The apparatus according to any of claims 54 - 65, fijrther comprismg a 
monitor coupled to the culturing module, the monitor ad^ted for observation of ttie 

1 0 cells m die culturing module. 

67. The apparatus according to claim 66, wherein the monitor comprises a 
microscope, coupled to the contioHer and the user interface, to allow observation of 
die cells on die display screen. 

15 

68. A m^od for pr^aring donor cells for a cell therapy, the method 
comprising: 

disposing the donor ceUs in a culturing medium; 

creating a cardiac electrical condition in the culturing medium, the cardiac 
20 electrical condition simulating an electrical condition of a myocardium; 

creating amechanical stress upon the donor cells, the mechanical stress 
simulating mediamcal forces qiplied upon cardiac muscle cells in the myocardium; 
and 

introducing one or more exog^ous ag^ts to the culturing medium to 
25 change one or more biological properties offte donor cells. 

69. The method according to clann 68, wherein areating the cardiac electrical 
condition conqjrises delivering pacing pulses to the donor ceUs. 
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70. Themethod accordingto claim 69, wherein delivering the pacing pulses 

comprises deUveringpacingpukeshavingapacing voltage of0.1 to 10 volts and a 
pacing pulse width of 0.1 to 10 milliseconds. 

71. The method according to any of claims 69 and 70, wherein dehvering the 

pacing pulses comprises delivering the pacing pulses continuously fora 
Pivdetomined duration. 

72. The method according to claim 71 . wherein delivering the pacing pulses 
comprises delivering the pacingpuJses continuously for 1 to 14 days. 

73. The method according to any of claims 69 and 70. wherein delivering the 
paring pulses conq,rises delivering the pacing pulses for a predetennined duration 
inteiupted by one or more non-pacing periods. 

74- The method according to claim 73. wherem delivering the pacing pulses 

comprises deHvering the pacing pulses at a duty cycle of 5 to 75 percent for 1 to 14 
days. 



20 75. Tn»methodaccoidingtoanyofclanns68-74,whereincreatmgthecardiac 
electncal conditioD comprises applying an electrical field to the cutening medium. 

76. The mea«>d accorfing to claim 75. whet«u applying the dectrical field 
cooiprises applying an eleclrical ffledhaving a sti«ig«h of 1 to 100 

77. The method according Id any of claims 75 and 76. wherein applying the 
electrical field comprises applying the electrical fiddcontimiously for a 
predetennined duration. 



15 



25 



30 78. The method according to claim 77, wherein ^tying the electrical field 
composes applymg the electrical field continuously for 1 to 14 days. 



70 



wo 2004/050180 PCT/US2003/038085 



79. The method according to any of claims 75 and 76, wherein applying the 
electrical field comprises applying the electrical field for a predeteimined duration 
interrupted by one or more non-stimulating periods. 

5 

80. The method accordmg to claim 79, wherein applying the electrical field 
comprises applying the electrical field at a duty cycle of 5 to 75 percent for 1 to 14 
days. 

10 81. The method according to any ofclaims 68 -80, wherein creating the 

mechanical stress con^rises subjecting the donor cells to a cyclic mechanical force 
so that the donor cells are cycUcally stretched and relaxed 

82. The method according to any of claims 68-81, wherem creating the 

15 medianical stress comprises extoiding the donor cells in at least one direction by 
approximately 5 to 20 peicCTt of their length at a predetemiined frequency of 0.25 
to2hertz. 

83. The method according to any of claims 68 - 82, wh^ein creating the 
20 mechanical stress comprises applying flie mechanical stress contmuously for a 

predetermined duration. 

84. The method according to claim 83, wherein creating the mechanical stress 
conq)rises q)plying the mechanical stress continuously for 1 to 14 days. 



25 



85. The method according to any of claims 68 - 82, whmm creating the 
mechanical stress conyrises applying the mechanical stress for a predetemuned 
duration interrupted by one or more non-stimulating periods. 
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86- The method according to claim 85. wherein creating fihe mechanical ■ 
comprises applying the mechanical stress at a duty cycle of 5 to 75 percent for 1 to 
14 days* 



87. The method according to any of claims 68 ^ 86, wherein introducing the one 
or more exogenous agents con5)rises introducing one or more of 

a differentiation fector; 

a growfli factor, 

an angiogenic protein; 

a siurvival factor; 

a cytokine; and 

an expression cassette (transgene) encoding a gene product including one or 
more of an angiogenic protein, a growth factor, a differentiation factor, a survival 
fictor. a cytokine, a cardiac cell-specific stmctural gene product, a cardiac cell- 
q>e«fic transcription factor, a membrane pxotdn. and an antisense sequence. 

88. The method according to any of claims 68 - 87, further comprising 
Pioviding for an image of the donors cells in the culturing module to allow 
observation by a oser. 
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